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ABSTRACT  (ConHnu9  on  t/d«  f!  n9C9999ry  9nd  idmnttfy  by  btock  numbmr) 


This  report  describes  the  further  refinement  of  a method  for  the 
sampling  and  analysis  of  organics  in  jet  engine  exhaust  by  chemica 
classes.  Details  for  the  selection,  construction,  and  evaluation 
of  the  combination  sorbent  (Tenax-GC/Amber sorb  XE-340)  sampling 
system  arc  given  along  with  the  rationale  and  operational  paramete 
for  tiu'  subtractive  chromatography  system  that  produces  the  organ! 
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class  analysis.  The  significant  improvemenes  incur[)orated  into 
both  the  sampling  and  analytical  systems  compared  with  previous 
systems  used  in  a jet  engine  exhaust  study  of  March  1975  are 
discussed.  The  capabilities  of  the  system  are  illustrated  by 
the  analy'sis  of  actual  jet  engine  exhaust  samples  from  a J85-5 
engine  using  JP-4  and  an  alternate  fuel  blend  that  simulates  th^ 
higher  aromatic  content  expected  from,  shale  and  coal-derived  fuels 
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JET  ENGINE  EXHAUST  ANALYSIS  BY  SUBTRACTIVE  CHROMATOGRAPHY 


INTRODUCTION 

The  incomplete  combustion  of  nonhomogeneous  hydrocarbon- 
based  fuels  in  turbine  engines  produces  an  exhaust  containing  a 
complex  mixture  of  organic  compounds.  To  properly  assess  the 
associated  health  and  environmental  effects,  it  is  necessary  to 
analyze  this  organic  exhaust  fraction.  Such  analyses  can  be 
performed  basically  at  three  levels:  (1)  gross  assessment  of 
the  total  organic  content;  (2)  determination  of  quantities  of 
organic  compounds  according  to  classes  or  types;  and  (3)  specific 
compound-by-compound  quantitation. 

Since  each  individual  organic  compound  has  an  associated 
degree  of  toxicity  and  environiriental  impact,  the  ideal  analysis 
is  the  accurate  identification  and  determination  of  the  quantity 
of  each  compound  present.  The  USAF  School  of  Aerospace  Medicine 
has  performed  this  type  of  analysis  using  coupled  gas  chromatog- 
raphy/mass spectrometry  (GC/MS)  to  identify  and  quantitate 
several  hundred  organic  compounds  in  engine  exhaust.  However, 
the  procedure  is  extremely  complex,  time-consuming,  and  costly. 

At  the  other  extreme,  total  organic  analyses  are  of  little 
value  for  studies  requiring  health  and  environmental  information 
since  one  must  make  the  erroneous  assumption  that  all  of  the 
organic  constituents  have  the  same  toxicities  and  propensities 
for  affecting  the  environment.  It  is  known  that  part  of  the 
hydrocarbons  emitted  are,  in  fact,  nonreactive  and  have  little 
or  no  effect  on  health. 

The  second  alternative  (i.e.,  organic  class  analysis)  may 
well  represent  the  most  workable  compromise  between  the  detailed, 
yet  very  costly,  compound-by-compound  evaluation  and  the  non- 
definitive total  organic  analysis.  In  this  case,  the  assumption 
of  similar  toxicities  and  environmental  reactivities  within  a 
particular  class  of  compounds  may  be  a reasonable  approximation. 
Such  a technique  is  of  value  for  more  routine  analyses,  partic- 
ularly where  previous  detailed  studies  have  established  general 
profiles  for  the  organic  emissions. 

This  report  details  the  refinement  of  an  analytical  scheme 
based  on  solid  sorbent  sampling  of  the  exhaust  stream  followed 
by  organic  class  analysis  using  subtractive  chromatographic 
techniques . 

In  March  1975  MRC,  under  contract  with  the  USAF  Aerospace 
Research  Laboratories  (ARL) , participated  in  a joint  program  with 
the  USAF  Aero-Propulsion  Laboratory  (APL) , the  USAF  School  of 
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Aerospace  Medicine  (SAM) , and  A.  D.  Little,  Inc.,  aimed  at 
characterizing  organic  emissions  in  the  exhaust  from  a T56  com- 
bustor  rig  located  at  AFL.  The  goal  of  this  program  was  to 
obtain  a profile  of  the  organic  exhaust  constituents  so  that  a 
more  accurate  assessment  could  be  made  of  the  potential  environ- 
mental and  toxicological  effects  of  jet  engine  exhaust. 

The  assembling  of  expertise  from  five  organizations  provided 
a multi-faceted  analytical  program  made  up  of  varying  approaches 
reflecting  specialized  talent  or  analytical  capabilities  of  each 
organization.  It  was  hoped  that  the  data  obtained  by  the  dif- 
ferent organizations  would  be  corroborative  as  well  as  supple- 
mental so  that  the  results  could  be  established  with  some  degree 
of  coiifidence.  Unfortunately,  the  results  obtained  in  this  joint 
effort  showed  only  qualitative  agreement.  The  lack  of  quantita- 
tive agreement  emphasized  the  need  for  further  refinement  of  the 
techniques  used. 

The  approach  used  by  Monsanto  Research  Corporation  (MRC)  for 
these  studies  was  organic  class  analysis  by  subtractive  chroma- 
tography. The  details  of  the  sampling  and  analytical  systems 
used  by  MRC  in  these  studies  are  available  in  the  literature  (1) . 
The  sampling  system  (Fig.  1)  consisted  of  a combination  sorbent 
trap  containing  sections  of  Tenax  GC  and  Carbosieve  B.  This  trap 
was  cooled  to  -78 “C  with  crushed  solid  CO2  during  sampling.  The 
heart  of  the  analytical  system  was  the  column  arrangement  shown 
in  Figure  2.  The  collected  exhaust  samples  were  thermally  de- 
sorbed from  the  sorbent  traps  into  the  analytical  system  and 
passed  through  a column  containing  1 , 2 , 3-tris (2-cyanoethoxy) pro- 
pane (TCEP)  as  the  stationary  phase.  This  column  retained  water 
and  oxygenated  and  aromatic  compounds  and  allowed  the  paraffinic 
and  olefinic  compounds  to  elute  rapidly.  The  switching  valve 
was  positioned  to  direct  the  flow  from  the  TCEP  column  into  a 
removable  subtractor  column  and  subsequently  into  a flame  ioni- 
zation detector  (FID  A) . The  two  sections  of  the  subtractor 
column  removed  olefinic  (Ag2S04/H2S04 ) and  oxygenated  (PdSb4/ 
H2SO4)  compounds.  At  a predetermined  time  corresponding  to  the 
elution  of  n-decane  from  the  TCEP  column,  the  valve  was  switched 
to  direct  the  water,  aromatics,  and  oxygenates  into  the  Chromo- 
sorb  105  column,  which  was  exterior  to  the  GC  oven  and  maintained 
at  ambient  temperature.  Due  to  the  hydrophobic  nature  of  Chro- 
mosorb  105,  the  water  passed  through  quickly.  After  the  water 
was  eluted,  the  Chromosorb  105  column  temperature  was  raised  to 
facilitate  the  elution  of  the  aromatic  and  oxygenated  portion  of 
the  sample,  which  was  detected  at  FID  B. 

In  order  to  obtain  the  complete  analysis.  It  was  necessary 
to  have  two  samples  of  known  sample  volumes  taken  under  identical 
conditions.  The  first  sample  was  analyzed  without  the  subtractor 
in  the  system  and  yielded  the  following  data;  (a)  FID  A response 
= paraffins  + olefins  (+  light  oxygenates) , and  (b)  FID  B 
response  = oxygenates  + aromatics.  Oxygenated  compounds  with 
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Figure  1.  Sampling  tube  used  for  March  1975 
jet  engine  exhaust  studies. 
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Figure  2.  Schematic  tor  organic  class  analysis  system 

used  in  March  1975  jet  engine  exhaust  studies. 
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retention  times  on  TCEP  shorter  than  that  of  propionaldehyde 
eluted  with  the  paraffins  and  olefins  before  the  valve  was 
switched.  Thus,  they  were  included  in  the  FID  A response  and 
grouped  with  the  olefins  since  they  were  also  removed  by  the 
subtractor.  The  second  sample  was  analyzed  with  the  subtractor 
in  the  system  and  yielded  the  following  data:  (a)  FID  A 

response  = paraffins  (total  unreactive) , and  (b)  FID  B response  = 
oxygenates  + aromatics. 

Olefins  were  obtained  by  difference  by  subtracting  the  FID  A 
response  of  the  second  sample  from  the  FID  A response  of  the  first 
sample.  The  total  reactive  hydrocarbon  value  was  obtained  by 
summing  the  values  for  olefins  and  oxygenates  + aromatics.  A 
total  hydrocarbon  (THC)  value  was  obtained  by  combining  the  total 
reactive  and  total  unreactive  hydrocarbon  values. 

The  data  obtained  from  these  analyses  are  summarized  in 
Table  1.  At  the  same  time  that  these  samples  were  being  col- 
lected, on-line  total  hydrocarbon  (THC)  measurements  Were  being 
made  by  Aero-Propulsion  Laboratory  (APL)  personnel.  A comparison 
of  the  THC  values  obtained  by  MRC  and  APL  is  given  in  Table  2. 

At  best  only  about  70%  of  the  total  hydrocarbons  were  recovered 
by  the  MRC  sampling  system. 


TABLE  1.  HYDROCARBON  ANALYSES  SUMMARY  (ppmC/%)  FOR 
MARCH  1975  JET  ENGINE  EXHAUST  STUDIES 


Fuel 

(inlet 

pressure) 

Olefins 
+ light 
oxygenates 

Oxygenates 

+ 

aromatics 

Total 

reactive 

Total 

unreactive 

THC 

JP-4 

(15  psig) 

54.6/12.7 

257/59.8 

312/72.6 

118/27.4 

430 

JP-4 

(33  psig) 

22.8/25.6 

52.5/59.0 

75.4/84.7 

13.6/15.3 

89.0 

JP-4 

(50  psig) 

10.2/34.9 

17.0/58.2 

27.3/93.5 

1. 8G/6. 4 

29.2 

JP-5 

(33  psig) 

— 

77.7/66.4 

— 

— 

117 

JP-8 

(33  psig) 

— 

81.7/74.3 

110 

Alternate 
fuel  blend 
(33  psig) 

16.7/22.6 

50.8/68.6 

67.5/91.2 

6.48/8.8 

74.0 

Alternate 
fuel  blend 
(33  psig) 

18.2/19.8 

62.4/67.8 

80. 8/d  ;. 6 

11.4/12.4 

92.0 

Isooctane 

6.82/29.9 

7.33/32.1 

14.1/61 . 8 

8.70/38.2 

22.8 

10 


TABLE  2.  COMPARISON  OF  MRC  AND  APL  TOTAL 

HYDROCARBON  (THC)  RESULTS  FOR  THE 
MARCH  1975  JET  ENGINE  EXHAUST  STUDIES 


Fuel 

(inlet  pressure) 

MRC  THC 
( ppmC ) 

APL  THC 
(ppmC) 

MRC  THC/ 
APL  THC 

JP-4 

(15  psig) 

430 

636 

68 

JP-5 

(33  psig) 

117 

337 

35 

JP-8 

(33  psig) 

110 

203 

54 

Alternate 
fuel  blend 
(33  psig) 

92.0 

154 

60 

JP-4 

(33  psig) 

89.0 

165 

54 

Alternate 
fuel  blend 
(33  psig) 

74.0 

113 

66 

JP-4 

(50  psig) 

29.2 

57 

51 

I sooctane 
(33  psig) 

22.8 

32 

71 

Because  of  the  low  recoveries  and  several  desirable  refine- 
ments of  the  system  that  oecame  obvious  during  the  course  of 
these  studies,  a new  study  was  initiated  to  improve  the  quality 
of  the  data  obtainable  from  this  analytical  approach. 

This  study  contained  three  areas  of  investigation; 

1.  Develop  improved  solid  sorbent  sampling  devices  for  use 
with  subtractive  chromatography  analysis  techniques. 

2.  Develop  im, proved  capability  in  subtractive  chromatog- 
raphy analysis  techniques,  and 

3.  Conduct  a field  demonstration  of  the  solid  sorbent 
sampling/subtractive  chromatography  analysis  system. 

This  report  contains  the  results  of  these  investigations. 
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EXPERIMENTAL  PROCEDURE  AND  DISCUSSION 


Development  of  the  Sampling  System 
Choice  of  Sorbent  Materials 


The  poor  recoveries  obtained  by  the  previous  sampling  system 
as  compared  with  the  on-line  THC  values  for  the  March  1975  stud- 
ies indicated  a need  for  improvement  in  the  solid  sorbent  sam- 
pling technique.  In  an  attempt  to  explain  these  low  recoveries, 
samples  were  collected  from  *-.he  API,  combustor  rig  under  similar 
conditions  to  those  used  in  the  March  197  5 studies.  The  samplincj 
system  was  modified  by  placing  an  evacuated  bulb  after  tfie  sor- 
bent trap  to  collect  the  effluent  that  passed  through  the  trap. 
Although  the  experiment  was  qualitative,  the  results  showed  that 
the  sample  collected  in  the  bulb  contained  organic  compounds 
which  w(  ''e  of  the  same  general  coniposition  as  those  collected  in 
the  so;  ben’.,  trap.  These  results  confirmed  that  the  trap  capaci- 
ties had  been  exceeded  in  the  March  1975  studies  with  subsequent 
low  TtiC  recover ie.‘3  . 

At  least  three  factors  could  singly  or  in  combination  be 
responsible  for  exceeding  the  trap  capacities: 

1.  Inefficient  sorbent  material 

2.  Insufficient  quantj.ty  of  sori>cn.t 

3.  Improper  sample  volume  (i.e.,  flow  rate  and/or  time) 


j 
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It  was  decided  to  examine  the  proper  relationship  between 
these  factors  to  develop  a sorbent  trapping  system  that  would  be 
efficient  for  recovering  jet  engine  exhaust  samples. 

Under  an  internally  funded  program  MRC  has  been  actively 
pursuing  the  study  of  solid  sorbent  materials  as  sampling  media 
for  organic  compounds.  One  of  the  major  products  to  come  out  of 
these  efforts  is  a detailed  coitpilation  of  information  from  the 
major  sources  of  expertise  in  the  area  of  solid  sorbent  sampling. 
During  the  process  of  compiling  this  information  a new  series  of 
sorbent  materials  that  show  promising  sorbent  characteristics  was 
i.dentified.  These  are  the  Ambersorb  resins  (XE-.140,  XE-347  , 
XE-348)  produced  by  Rohm  and  Haas  Company.  The  unique  feature 
about  these  sorbent  materials  is  that  they  possess  sorbent  char- 
acteristics that  are  intermediate  between  the  porous  polymer  type 
materials  and  the  activated  charcoal.  They  are  produced  by  a 
process  which  "carbonizes"  a porous  polymer  material.  The  pro- 
duct is  a hard,  shiny,  black-beaded  material.  The  promotional 
literature  suggests  that  these  m.aterials  can  be  tailored  to  be 
more  jjorous  polymer-like  or  more  charcoal-likc  dc’ponding  upon  the 
degree  of  carbonization.  The  promising  forecast  for  these  mate- 
rials is  tha*-  they  will  combine  the  best  qualities  of  porous 
polymers  and  activated  charcoal  to  "bridge  the  gap"  betv/ooii  these 
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types  of  materials.  For  example,  one  would  hope  that  they  would 
have  the  ability  to  trap  highly  volatile  compounds  but  not  be 
adversely  affected  by  water,  a highly  attractive  feature  for 
exhaust  sampling. 

Some  preliminary  evaluations  have  been  made  of  the  sorbent 
characteristics  of  Ambersorb  XE-340  (the  most  polymer-like  of 
the  scries)  . Holzer  et  al.  (6)  determined  the  specific  retention 
volumes  for  a group  of  normal  alkanes  on  Ambersorb  XE-340  at 
25°C.  The  results  of  this  work  are  given  in  Table  3. 


TABLE  3.  SPECIFIC  RETENTION  VOLUMES  (Vg)  FOR 
SELECTED  ALKANES  ON  AMBERSORB  XE-340 


Compound Vg  at  25°C  (liters/g) 


Ethane 

n-Propane 

n-Butane 

n-Pentane 

n-Hexane 

n-Heptane 


0.8 
8.5 
81.0 
880.  C 
7600.0 
74000.0 


We  have  evaluated  A.mbersorb  XE-340  for  an  EPA  research  pro- 
gram (EPA  Contract  No.  68-02-2774)  and  have  obtained  similar 
results  (3).  Our  studies  involved  the  determination  of  retention 
volumes  at  several  temperatures  for  various  hydrocarbons  on  a 
column  containing  a known  quantityppf  .Ambersorb  XE-340.  Fig- 
ure 3 is  a plot  of  the  log  of  the  ' vg  (retention  volume  corres- 
fjonding  to  the  first  detectable  elution  of  a compound)  versus 
1 / T (°K)  for  the  studies  conducted  with  Ambersorb  XE-340  at  MRC. 
The  time  associated  with  each  of  the  curves  for  the  various  com- 
pounds represents  the  maximum  sampling  time  before  compound 
breakthrough  for  a sample  collected  at  20‘’C  using  1 gram  of 
XE-340  and  a flow  rate  of  30  ml/min.  Erased  on  the  indicated 
effectiveness  of  XE-340  for  highly  volatile  compounds  and  the 
anticipated  sampling  parameters,  we  decided  to  pursue  the  use  of 
this  material  for  collecting  the  very  volatile  components  in  jet 
engine  exhaust. 

Tenax-GC  is  probably  the  most  widely  used  and  most  thor- 
oughly characterized  sorbent  material  for  sampling  volatile 
organic  compounds  in  air.  It  has  very  desirable  characteristics 
including  high  temperature  limit  (350°C)  and  low  background 
bleed.  It  is  generally  considered  to  be  an  effective  sampling 
material  for  compounds  Cg-Cv  and  above.  This,  of  course,  is  very 
dependent  on  the  sampling  parameters.  V/e  have  conducted  exten- 
sive studies  of  Tenax-GC  as  a sorbent  material  using  a selection 
of  organic  compounds  representing  a wide-  range  of  volatilities 
and  polarities  (4),  Table  4 contains  the  capacity  data  and 
theoretical  sampling  times  for  these  test  compounds. 
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TABLE  4.  CAPACITIES  AND  THEORETICAL  SAMPLING  TIMES 
FOR  TEST  COMPOUNDS  ON  TENAX-GC  AT  20 °C 


FETvq 

N Compound  name ( liters/q ) Sampling  time 


1 

n-iiexadecane 

1.3  X 10= 

41 

years 

2 

Hexachloro- 1 , 3-butadiene 

1.15  X 10“* 

19 

weeks 

3 

Succinonitri le 

1.04  X 10“ 

17 

weeks 

4 

iso-Octane 

0.532 

9 

minutes 

5 

Bis-  ( 2-chloroethy 1 ) ether 

1.06  X 10“ 

17 

weeks 

6 

Ethylene  glycol 

120 

34 

hours 

7 

n-Butane 

0. 16 

2. 

. 6 minutes 

8 

Propylene  oxide 

3.14 

52 

minutes 

9 

Acrylonitrile 

9.35 

2. 

, 6 hours 

10 

Phenanthrene 

1.9  X 10= 

61 

years 

11 

4-Bromodipheny 1 ether 

2.4  X 10= 

75 

years 

12 

u-Ni troani line 

2.9  X 10“ 

48 

weeks 

13 

Naphthalene 

3260 

5 

weeks 

14 

1 , 2 , 4-Tr ich lorobenzene 

1 . 57  X 10“ 

26 

weeks 

15 

- -Nitroanisole 

1.14  X 10“ 

19 

weeks 

16 

Benzene 

82 

23 

hours 

17 

Benzyl  chloride 

1.02  X 10“ 

17 

weeks 

Pheno 1 

5460 

9 

weeks 

^Assuming  0.5  g of  sorbent  mate 

:rial  and  36 

nl/mi’^ 

: ipling 

rate . 


Based  on  the  capacity  data  that  v:c  had  on  these  tv;o  sorbent 
materials,  indicating  that  a sufficiently  broad  range  of  com- 
pounds can  be  collected,  it  v;as  decided  that  a sampling  system 
using  a comibination  of  these  materials  should  be  evaluated.  Tv^’o 
attractive  features  of  this  combination  trap  are: 

1.  Both  materials  have  high  temperature  limits  (>350°C) 
and  can  be  thermally  desorbed  under  the  same  conditions 
making  containment  in  the  same  tube  and  single  analysis 
possible . 

2.  Both  materials  are  hydrophobic  and  should  be  minimally 
affected  by  the  water  in  exhaust  gases. 

Once  the  selection  of  sorbent  materials  had  been  made,  a 
calculation  of  theoretical  trap  capacities  was  made  based  on 
expected  sampling  parameters  to  see  if  this  combination  could  be 
expected  to  efficiently  recover  the  organics  from  exhaust  samples. 
The  design  parameter  that  was  used  as  a starting  point  for  these 
calculations  was  the  sample  tube  size  (1/4  in.  O.D.  x 6 in.  long) 
(0.6  cm  O.D.  X 15.2  cm  long).  This  was  chosen  since  the  tube 
furnace  that  was  to  be  used  for  therm.al  desorption  of  the  samples 
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acconuiiodated  tubes  of  those  dimensions.  It  was  found  that  a 
1/4  in.  O.U,  X 3/16  in.  I.D.  x 6 in.  long  (0.6  cm  O.D.  x 0.5  cm 
I.D.  X 15.2  cm  long)  stainless  steel  tube  conveniently  contained 
^^0.2  g of  Tenax-GC  (8  cm)  and  ''vO.4  g of  Arnbersorb  XE-340  ( 5 cm)  . 
Table  5 can  be  used  to  illustrate  the  types  of  capacities  tliat 
would  be  expected  for  a tube  containing  these  quaritities  of 
sorbent  materials. 


TABLE  5.  THEORETICAL  CAPACITIES  FOR  REPRESENTATIVE 

COMPOUNDS  AT  20°C  ON  COMBINATION  SORBENT  TRAPS 

Sorbent Compound Cn  pacify 


Tenax-GC : 


A.mber5;orb  Xi.-3  40: 


Benzene 

Propylene  oxide 
n-Butane 

n-Butane 

Ethane 

Methane 


16.4  ( liters/0 . 2q ) 

0.6  ( liters/0 . 2g ) 

0.03  ( 1 i ter s/0 . 2g ) 

42.4  (liters/0. 4g) 

0.09  ( 1 iter s/0 . 4g ) 
0.004  ( liters/0 . 4c;) 


The  quantity  of  exhaust  sampled  rn  the  March  1975  studies 
w’as  normally  ^0.8  liter.  This  amount  proved  to  be  more  than 
sufficient  to  carry  out  the  class  analysis,  and  the  signal  had 
to  be  attenuated  to  Iceep  the  recorder  trace  on  scale  .’or  t)iis 
reason  a smaller  sample  size  (300  ml)  should  provide  .ufficiont 
sample  to  complete  the  analysis.  It  w.'.s  decided  that  a samp’le 
flow  rate  of  10  ml/min  for  10  m nutes,  providing  a total  of 
100  ml  of  sample,  would  be  a cc '.venient  size  for  this  prograi.  . 
From  the  capacity  data  using  t)  ■ • escribed  t’be  '■  -sign  (0.2  g 
Tenax-GC  and  0.4  g Aj^bersorb  XE-viO)  and  sampling  arameters 
(10  ml/min  for  10  minutes)  one  could  expect  to  retain  essentially 
all  of  the  organics  except  methane. 

Conditioning  of  Sorbent  .Materials 

It  is  usually  the  case  tl  . c c'^mmercially  available  sorbent 
materials  are  not  suitable  for  use  as  sampling  media  in  the  con- 
dition received  because  of  interfering  baeJeground  impurities  that 
are  desorbed  under  the  conditions  used  for  sample  desorption. 

The  degree  to  v;hich  this  is  a problem  depends  largely  Uj-on  the 
individual  sampling  problem,  particularly  the  comparative  level 
of  the  sample  to  be  collected  with  that  of  the  bac)<ground  impur- 
ities. In  any  case  it  is  essential  to  do  at  least  a minimum 
preconditioning  of  the  sorbent  material  which  corresponds  to 
cycling  it  through  the  desorption  procedure  and  evaluating  the 
background  level. 

.As  an  extra  precaution  we  used  a .more  stringent  "cloan-u[j" 
procedure  for  the  sorbents  used  in  the  jet  exhaust  '"h  i .s 
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Ijroc'jciurc  involved  hot;!  solvent  clean-up  and  thermal  precondi- 
tion inq.  The  details  for  each  of  the  sorbents  are  as  follows : 

A.iibcrsorb  XE-34Q--The  /Aribcrsorb  XE-340  resin  was  conditioned 
by  a series  of  solvent  extractions  using  methylene  chloride, 
i.u'tiianol,  and  distilled  water.  Each  extraction  was  for  24  hours 
III  a Soxhlet  extractor.  After  the  final  extraction,  the  XE-340 
was  dried  in  a vacuum  oven  at  'vlOO’C  ov'erniyht  and  stored  in  a 
vacuum  desiccator  until  being  packed  into  sampling  tubes. 

Tenax-GC--The  Tenax-GC  was  preconditioned  using  a series  of 
Soxhlet  extractions  involving  pentane  (24  hours),  ethyl  acetate 
(24  hours),  and  methanol  (72  hours).  Following  the  final  extrac- 
tion, the  Tenax  was  dried  in  a vacuum  oven  at  'il00°C  overnight 
and  stored  in  a vacuum  desiccator  until  being  packed  into  the 
samplinq  tubes. 

Preparation  of  Sorbent  Samplinq  Tubes 


The  sorbcn 
exhaust  studies 
long  (0.6  cm  0. 
tubing.  The  ch 
gedncss  to  the 
exper i enced  in 
during  sampling 
surfaces  and  hi 
concentrations 


t sarriplino  tubes  to  be  used  in  the  jot  engine 
were  made  of  1/4  in.  O.D.  x 3/16  in.  I.D.  x 6 in. 
D.  x 0.5  cm  I.D.  X 15.2  cm  long)  stainless  steel 
oice  of  stainless  steel  was  made  to  provide  rug- 
sampling tubes  and  prevent  breakage  that  was 
earlier  tests  due  to  extrem^es  of  heat  and  stresses 
. The  problems  with  compound  reacti.vity  on  metal 
gher  backgrounds  are  not  so  critical  at  the  high 
that  are  anticipated  in  exhaust  samples. 


The  stainless  steel  tubes  v/ere  filled  with  vQ . 2 g Tenax-GC 
and  -^0.4  g Ambersorb  XE-34C  separated  by  a plug  of  silanized 
glass  wool  and  contained  by  similar  plugs  at  each  end.  Figure  4 
IS  a schematic  of  the  sampling  tube. 

GLASS  WOOL 


SAMPLE  FLOW 


GLASS  WOOL 


■DESORPTION  FLOW 


— — - 8 cm H , h 5 cm h 

TENAX-GC  (-0.29  ) : AMBERSORB  XE-340  (' 0.  4g 

GLASS  WOOL 


MATERIAL:  1/4"0.D.  *3/16"  I.D.  STAI NLESS  STEEL  TUB  ING 


Figure  4.  Combination  sorbent  sampling  tube 
for  jet  engine  exhaust  studies. 
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After  packing,  the  tubes  were  thermally  conditioned  at  fOO°C 
under  a flow  of  tie  for  If  hours.  As  indicated  in  Figure  4,  the 
san'.plo  flow  direction  is  through  the  Tenax  first,  then  through 
the  Anibersorb.  This  allows  the  higher  molecular  weight  compu'jnd 
to  be  collected  on  the  Tenax  while  the  more  v'olatile  cenpounas 
are  collected  on  the  Ambersorb.  Desorption  is  in  the  opposite 
direction  (backflush)  so  that  the  less  volatile  compounds  never 
come  in  contact  with  the  Ambersorb. 

Evaluation  o'  Sampling  Characteristics  of  Sorbent  Tube's 

The  combination  Tenax-GC/Ambersorb  XE-340  sorbent  samolinq 
tubes  were  evaluated  using  known  concentrations  o5:  test  compouncis 
generated  on  the  standard  sam.ple  eeneration  system:  described  in 
Appendix  A.  The  first  compound  to  be  evaluated  v/as  heptane.  Tf 
was  dec  L'.;-. to  generate  those  samples  at  l elatively  high  levels 
to  test  the  cacacities  of  the  traps  in  single  compc;)und  concen- 
tration rccuTc;-  that  would  be  similar  to  the  total  hydrocarbon 
concentra t icn.s  anticipated  for  exhaust  samples.  Such  conditions 
would  represent  the  "worst  case"  for  any  s merle  compeund.  hep- 
tane vapors  were  Generated  at  a level  of  e40C  ppm  (^^^2800  ppmC)  :n 
nitrogen  using  the  dynamic  generation  system.  Samples  were 
collected  for  2,  4,  5,  6,  8,  and  10  mdnutes  at  10  ml/t.in  using 
the  combination  sorbent  traps.  These  samples  v/ere  subsequently 
thermally  desorbed  at  300°C  using  a m.odified  Chromalytics  Con- 
centrator and  analyzed  with  FID.  A plot  of  sampling  time  versus 
integrator  counts  is  shown  in  Figure  5.  The  linear  plot  indi- 
cates a quantitative  recovery  of  the  heptane.  In  addition,  a 
backup  tube  collected  in  scries  w’ith  the  10 -minute  sample  showed 
no  breakthrough  of  heptane. 
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Figure  5,  Sampling  time  versus  integrator  counts 
for  400  ppm  iieptaiK'  at  10  ml /min. 
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I'nc  second  compound  to  be  evaluated  was  pentane.  There  was 
some  concern  about  our  ability  to  recover  pentane  quantitatively 
since  liclzer  (6)  had  cited  an  inability  to  quantitatively  desorb 
pentane  from  Ambersorb  XE-340  at  300°C  (the  desorption  tempera- 
ture wo  used) . Pentane  was  generated  at  v520  ppm  (v2600  ppmC). 
Samples  were  collected  for  2,  4,  5,  6,  8,  and  10  minutes.  As  in 
the  case  of  heptane,  the  linear  plot  of  sample  time  versus  inte- 
grator counts  (Fig.  6)  indicates  quantitative  recovery.  No 
breakthrough  was  observed  in  the  backup  tube  for  the  10-minute 
sample . 


INTCCRAfOR  COUNTS  ( x 10*'  I 


Figure  6.  Sampling  time  versus  integrator  counts 
for  520  ppm  pentane  at  10  ml/min. 


The  combination  sampling  tube  was  also  evaluated  using 
methanol  as  a representative  volatile  oxygenate.  These  types  of 
polar  compounds  are  the  ones  that  have  traditionally  given  prob- 
lems with  activated  charcoal  sampling  due  to  reactivity  and/or 
irreversible  adsorption.  Methanol  was  generated  at  "-1080  ppm 
using  the  sample  generation  system  and  samples  of  1,  2,  4,  5,  6, 
8,  and  10  minutes  were  collected  at  10  ml/min.  The  plot  of  sam- 
pling time  versus  integrator  counts  is  shown  in  Figure  7.  Al- 
though not  as  linear  as  the  plots  for  pentane  and  heptane,  there 
appears  to  be  satisfactorily  consistent  recovery  of  methanol 
using  this  technique.  Two  of  the  points  (4  and  10  minutes)  seem 
to  deviate  appreciably  from  the  line.  If  these  two  points  are 
excluded,  an  excellent  straight  line  relationship  is  obtained 
for  the  renaininq  points  as  indicated  by  a correlation  coeffi- 
cient of  0.9997.  Unfortunately,  each  of  these  points  represents 
n single  sample,  and  due  to  tine  restrictions  it  was  not  jiossible 
to  repeat  the  experiments. 


Fiqure  7.  Sampling  time  versus  intearator  counts 
for  1080  inetnunol  at  10  ml /min. 


Ihe  combindtj.un  tiap  was  also  evaluated  u.sing  a mixture  of 
com.pounds  to  be  used  as  calibration  standards  for  the  jet  engint; 
exhaust  stuaies.  The  mixture  consisted  of  1 ml  each  of  pc'ncanc, 
heptane,  decane,  benzene,  toluene,  .•'•-xylene,  and  n-xylene.  I'his 
was  introduced  into  the  sample  generation  system  at  the  rate  of 
0,0121  'ul/m.in  and  a diluent  caii'icr  flow  of  1000  ml/min . ‘'.'o 

further  dilution  was  made.  The  concentrations  of  the  various 
components  in  the  effluent  from  tl;c  sample  generation  system  arc 
given  in  Table  6. 


TABLE  6.  CONCENTRATION  OF  TEST  MIXTCRE  COMPONENTS 
7N  SAMPLE  GENETCiTION  SYSTEM  LFPLUENT 


Cor  .pound 

PPP 

Pijme 

Pentane 

0.  17 

1 .84 

Heptane 

0.3  3 

2 .28 

Decane 

0. 22 

2 . 20 

Benzene 

0.48 

2 . 8S 

Toluene' 

0. 40 

2 . 80 

r-Xv ] ene 

0. 3S 

2 . 76 

-Xylcr-.o  i' 
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A sample  was  collected  for  17  ininiJtGs  at  10  ml/min  using  the 
combination  Tenax/Ambersorb  trap.  The  chromatogram  for  this 
sample  is  shown  in  Figure  8.  The  "subtracted"  and  "unsubtracted" 
traces  refer  to  the  splitting  of  the  sample  to  achieve  analysis 
with  and  without  the  olefin/oxygenate  subtractor  rcs;3ectively 
(sec  section  on  "Dovoloprient  of  the  Analytical  System,"  p.  25). 
Also  included  is  the  chromatogram  for  the  backup  tube  (bottom 
two  traces)  used  in  series  with  the  sampling  tube  during  sample 
collection.  The  recovery  of  these  compounds  was  excellent,  and 
no  significant  breakthrough  above  tube  background  was  detected. 

A sim.ilar  experiment  was  run  with  the  addition  of  4 times 
the  volume  of  water  (compared  to  the  volume  of  sample  added) . 

This  produced  a concentration  of  -65  ppm  water.  There  was  no 
detectable  change  in  the  recovery  efficiency,  and  no  sample 
breakthrough  occurred  as  the  result  of  the  addition  of  water. 

]n  order  to  evaluate  the  effectiveness  of  the  combination 
trap  foi  collecting  gaseous  compounds,  the  sample  generation  sys- 
tem was  modified  to  accommodate  gas  cylinders  containing  standard 
gas  concentrations.  This  series  of  studies  involved  the  use  of 
two  sorbent  tubes  in  series  to  check  for  sample  breakthrough.  A 
1060  ppm  methane  standard  was  collected  at  10  rrVmin  for  10  min- 
utes. Analysis  of  the  two  tubes  showed  definite  breakthrough 
with  as  much  or  more  of  t.he  CHu  collected  on  the  second  tube  as 
the  first.  Figure  9 contains  the  chromatograms  for  the  analysis 
of  the  two  tubes  from  a similar  experiment  using  1025  ppm  ethane. 
Only  a very  small  amount  (<21)  of  the  ethane  was  detected  on  the 
second  tube.  Ethylene  (1010  ppm)  showed  no  detectable  break- 
through when  sampled  at  10  ml/min  for  10  minutes.  These  data 
indicate  that  the  combination  Tenax/Ambersorb  trap  should  effi- 
ciently collect  all  volatile  organic  compounds  except  methane 
at  room  temperature  under  the  anticipated  sampling  conditions 
(i.e.,  10  ml/min  for  10  minutes). 

The  evaluation  of  the  sorbent  traps  was  much  less  extensive 
than  had  originally  been  planned  because  of  limitations  of  time 
and  funding.  Nevertheless,  the  preliminary  data  indicaued  that 
this  selection  of  sorbent  materials  should  be  effective  in 
collecting  the  organic  compounds  from  jet  engine  exhaust. 

L) i f f ercnccs  .■■"rom  Previously  Used  Sampling  Si’stcm 

One  of  the  main  thrusts  of  the  current  program  was  to  im- 
prove the  sampling  system  used  in  the  March  1975  studies  so  that 
samples  could  be  collected  more  efficiently  and  conv'-eniently . 

It  is  worthwhile  to  enumerate  the  differences  in  this  sampling 
system  compared  to  that  used  in  the  1975  studies.  The  following 
areas  differ  significantly  in  the  two  systems: 
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and  backup  tube  collected  at  1025  ppiti 
at  10  ml/min  for  10  minutes. 


23 


Material  - 


Tube  Capacity 


The  sampling  tubes  used  in  the  1975  studies 
were  glass.  As  discussed  earlier,  the  tubes 
used  in  this  study  were  stainless  steel  for 
added  strength. 

In  both  cases  the  sample  tubes  were  made  of 
t in.  (0.6  cm)  O.D.  tubing  and  v;ere  6 in. 
(15.2  cm)  1 ov'C . However,  the  tubes  used  in 
1975  had  a 2 mm  I.b.  while  the;  currc'nt  tubes 
have  a 5 mm  I.D.  providing  for  6 times  the 
volume  of  sorbent  m.aterial. 


Sorbent  Ma*-.erial  - 


In  both  studies,  combination  sorbent  trails 
were  used.  In  1975  the  sorbents  were  Tenax- 
GC  and  Carbosieve  R.  The  current  tubes  con- 
tain Ambersorb  y.r-340  rather  than  Carbosmjve  P. 


Sampling  - In  1975  the  traps  were  cocle;.;  to  O.ry  jtn- 

temperature  during  samplir.;).  The  current 
studios  wore  conducted  at  room,  r.c^mnerat vsre^ 


Sam.pling  Rate  - 


Sampling  Time  - 


In  1975  the  sampling  rate  was  60-70  ml/min. 
The  current  studies  used  sampling  rates  of 
10  ml/min. 

Typical  sampling  Lnrws  ..iuring  tlic  1 975  studies 
were  ’.13  minutes.  Vc’n-muiute  Sc'irnpling  t.imes 
were  normally  used  for  these  studies. 


Flow  Rate  Control 

and  Measurement  - In  1975  the  flow  through  the  sam.pling  tube  was 

controlled  by  a needle  valve,  and  measuremonts 
of  the  flow  rate  were  made  continuously  during 
the  sampling  period  using  a soap  buoble  meter. 
The  flows  charged  appreciably  during  the  sam,- 
pling  period.  The  current  method  used  a mass 
flow  scnsor/control- ler  to  maintain  the  flow  at 
a preset  10  ml/i'.'.in  during  t)ic  snm]:dinu  p'crici!. 

In  summary,  all  three  of  the  areas  (sorbent  m.aterial, 
quantity  of  material,  and  sample  volume)  that  nost  signi f icantly 
affect  sampling  capacity  were  modified  in  the  current  sampling 
system  to  produce  a more  effective  system  for  collecting  organics 
in  jet  engine  exhaust.  The  success  of  these  modifications  is 
illustrated  by  t.he  TIIC  recovery  data  compared  with  on-line  data 
piresented  in  the  section  on  "Sampling  and  .Analysis  of  Jet  PngiiiO 
Exhaust"  (n,  35 ) . 


Development  of  the  Analytical  System 


Evaluation  of  Aromatic/Oxygenate  Differentiation  Techniques 

One  of  the  major  improvements  of  the  analytical  method  that 
was  sought  during  these  studies  was  a technique  for  separately 
estimating  the  aromatic  and  oxygenate  content  of  the  exhaust 
samples.  The  previous  analyses  (March  1975)  had  lumped  these 
into  a single  category  (aromatics  and  oxygenates)  of  "reactive" 
hydrocarbons.  Two  approaches  were  evaluated  as  possible  solu- 
tions to  the  aromatic/oxygenate  differentiation. 

The  first  approach  was  to  use  PdS04/H2S04  on  Chromosorb  W 
as  a subtracter  column.  This  material  had  already  been  shown 
to  be  an  effective  oxygenate  subtractor  as  demonstrated  by  the 
removal  efficiencies  in  Table  7. 


TABLE  7.  EFFICIENCY  OF  PdS04/H2S04  AS  AN 
OXYGENATE  SUBTRACTOR  (80°C) 


Compound 

Cone . , 

i-g 

Ef  f iciency , 

% compou’^d  removed 

Acetaldehyde 

100 

9 9.1 

n-?ropionaldehyde 

67 

100 

n - Du tyr aldehyde 

22 

100 

Allyl  ether 

98 

100 

2-Methyl  furan 

125 

100 

Methyl  acetate 

53 

100 

.Acetone 

25 

100 

Methanol 

19 

100 

It  was  hoped  that  aromatic  compounds  passing  through  this 
subtracter  would  not  be  retained  and  thus  a basis  for  the  differ- 
entiation of  aromatic  from  oxygenated  species  would  be  realized. 

The  initial  experiment  to  examine  this  possibility  showed 
promise.  An  eight-port  switching  valve  was  configured  in  such 
a way  as  to  allow  a v25  cm  section  of  Teflon  tubing  (v2  mm  I.D.) 
pac);ed  with  Pd.^04/H2S04  on  Chromosorb  K to  be  manually  switched 
in  or  out  of  the  chromatographic  column  flow  system.  The 
responses  from  the  FID  detection  of  samples  of  benzene  with  and 
without  the  subtractor  at  a temperature  of  3Q°C  are  shown  in 
Figure  10.  The  responses  arc  essentially  identical  indicating 
that  only  an  insignificant  amount,  if  any,  of  the  benzene  was 
retained  by  the  subtractor. 

The  case  for  toluene,  Figure  11,  was  much  different.  A 
comparison  of  the  FID  responses  for  toluene  with  and  without  the 
subtracter  at  dO^C  (Fig.  11)  showed  that  a significant  portion 
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Figure  10.  FID  response  for  identical  0.2  ;1  (176  ny) 

injections  of  benzene  without  (w/o)  and  with 
a PdSO^/lbSOi.  subtracter  in  the  chroma tograpti  i c 
column  flov;  system  at  a temperature  of  BO'C. 


Figure  1]  . FID  response  for  identical  0.2  .1  (173  ,.y) 

injections  of  toluene  without  (v./o)  and  w;  Mi 
a PdyOu/IlaSOu  subtraetor  i.n  tin.:  chroma  Lc  j : I -i ' i 
flow  system  at  a temperature  e! 


of  the  toluene  was  removed  by  the  subtractor.  The  effect  was 
more  dramatically  illustrated  with  m-xylene  in  which  case  no  FID 
response  was  obtained  with  the  subtracter  in  the  system  indica- 
ting total  removal  of  the  m-xylene. 

At  elevated  temperatures  the  subtraction  efficiency  of 
PdS04/H2.‘’04  for  aromatics  was  increased.  Figure  12  contains 
the  FID  responses  for  samples  of  benzene  with  and  without  the 
subtractor  at  100°C.  Only  a very  small  portion  of  the  benzene 
was  unretained.  Both  toluene  and  /-.-xylene  were  completely  removed 
at  100°C.  It  was  hoped  that  perhaps  at  elevated  temperatures 
the  efficiency  of  PdSOu/lbSOa  for  oxygenate  removal  might  be 
reduced.  Methanol  was  selected  as  a representative  oxygenate 
and  evaluated  with  PdS04/H2S04  at  lOO^C.  The  removal  efficiency 
was  still  100%.  A summary  of  these  data  is  contained  in  Table  8. 


LU 

uo 

z 

o 

O- 

co 

LU 

oc. 

oe 

O 

(— 

o 


o 


.o 

z> 

LO 


S 


I 


To 

O) 

c 

O) 

M 

c 

CO 


c 


JO 

3 

lo 


5 

C_) 


■S3 

a> 

rz 

eu 

IM 


ro  c 

1/1  >-.4 


Figure  12,  I'lD  Response  for  identical  0.2  ul  (176  .jg) 

injections  of  benzene  without  (w/o)  and  with 
a Pd004/Il2S04  subtractor  in  the  chromatographic 
flov/  system  at  a temperature  of  1.00“C. 
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TABLE  8.  PdSQ^/liaSOu  SUBTRACVOR  EFFICIENCY  DATA 
Compound  Mass  (ug)  % Removed  330*^0  Removed  rjl00°c 


Benzene 
Toluene 
v-Xy lene 
Methanol 


0.74 
58 . 4 
100 
100 


89.3 

ino 

100 

100 


These  data  show  that  PdSOM/H2S04  is  definitely  not  suitable 
for  obtaining  aromatic/oxygenatc  differentiation. 

The  explanation  for  the  removal  of  aromatic  compounds  by 
PdSOu/HiSOu  most  likely  involves  the  formation  of  the  arcmn.atic 
sulfonic  acid  according  to  the  roactior; 

so.,i: 

Pdso^, 


which  IS  probably  catalyzed  by  the  iia  1 1 ad lum . The  resulting- 
sulfonic  acid  is  then  retained  through  soccif-c  interaction  v.  ' th 
the  Pd  in  the  li.quid  phase.  Such  an  cx.nd anation  is  consist.eni. 
with  the  m.ore  facile  removal  of  toluene  and  xylene  compared  to 
benzene  since  the  sulfonation  of  thesi-  compounds  is  more  readily 
accomplished  due  to  the  activation  effect  of  the  methyl  groups. 

A higher  temperature  would  also  bo  c-xpect.cu  to  promote  thi.n 
reaction  as  wa.s  observed. 

Because  the  PdS04/U2S04  subtracter  also  efficiently  removed 
aromatic  compound.s,  it  was  of  no  value  in  differentiating  between 
oxygenates  and  aromatics.  'inis  subtraction  ability  was  u.sod, 
however,  to  achieve  a more  accurate  intorcrctat ion  of  the  data 
for  th.e  arcnoatic.s  and  oxygenate  traction  than  was  obtained  in 
the  previous  study  (sec  section  on  "Output  from  Analysis,"  33). 

A second  approach  that  was  evaluated  for  the  differentia- 
tion of  arf.rnatics/ox'.’uonates  iu'-c.  1 vi: d t tu;  use  of  the  lanthanide 
chelate  , tr ! 3 - (1,1,1  , 2 , ? , 3 , 3-hepLuf  luoro- 7 , 7 -d  iinethy  1-4 , 6-oc ta- 
nedionato ) europium  (III),  commonly  called  Eu(fod)3.  The  rationale 
behind  this  approach  is  that  F.u(fod)3  interacts  with  oxyqcnalnd 
compounds  due  to  its  capacity  for  accommoaat ing  extra  electron 
donors  in  its  coordination  sphere.  Tliis  i.-iteraction  forms  the 
basis  for  the  so-called  "ntir  shift  reagent"  plienomenon  of  v.hich 
F.u(fod)3  i;s  one  ot  tile  t;ure  widely  usi.d  (8).  Eu(fr;d):i  ha.s  l.iecn 
i nco  r po  r a t i.'U  into  thi*  stationary  iihasi-  of  a cdiromatocirajih  ic 
column  in  order  to  study  the  a r;  ter,;ic  1 1 <'nis  net'.-.-.i  :i  exyuenj'- 
compounds  and  tlie  europium  chelate  (2).  It  w,!S  hoped  tl.at 


a similar  approach  could  be  used  to  selectively  retard  oxygen- 
ated compounds  while  allowing  the  aromatics  to  pass  through  the 
column,  thus  achieving  the  aromatic/oxygenated  differentiation. 

To  test  this  concept  a column  was  prepared  as  follows.  A 
0.13  molar  solution  of  Eu(fod)3  was  prepared  by  dissolving 
0.2022  q Eu(fod)3  in  1.5  g squalane.  The  solution  was  dissolved 
in  10  ml  CH2CI2  and  added  to  a slurry  of  8.5  g Chromosorb  P 
(60/80  mesh)  in  20  ml  CH2CI2.  After  mixing,  the  CH2CI2  was  re- 
moved using  a rotary  evaporator  and  a water  aspirator  at  room 
temperature.  This  packing  was  placed  in  a 4 in.  x ’a  in.  O.D. 

(10  cm  X 0.6  cm)  x 2 mm  l.D.  glass  column  and  conditioned  over- 
night at  100°C. 

Retention  times  obtained  on  this  column  for  a selected 
group  of  compouiids  at  80°C  and  carrier  flow  (He)  of  60  ml/min 
are  given  in  Table  9. 


TABLE  9.  RETENTION  TIMES  FOR  SELECTED 
COMPOUNDS  ON  Eu(fod)3  COLUMN 


Compound 

Minutes 

n-Hexane 

0.55 

n- Decane 

14.78 

Methanol 

0.29 

Acetone 

0.32 

Benzene 

0.82 

From  these  retention  times  it  is  obvious  that  such  a column 
IS  unsatisfactory  for  achieving  the  oxygenate/aromatic  differen- 
tiation. The  problem  lies  in  the  fact  that  it.  is  necessary  to 
incorporate  the  Eu{fod)3  in  some  solution  as  the  stationary  phase 
in  order  to  achieve  the  best  contact  for  the  oxygenate  inter- 
action (i.e.,  in  solution).  Unfortunately  this  "solvent"  (in 
this  case  squalane)  functions  as  a normal  chromatographic 
stationary  phase  and  retains  the  compounds  that  do  not  interact 
with  Eu(fod)3  (e.g.,  aromatics)  according  to  normal  chromato- 
graphic principles  (i.e.,  vapor  pressure,  solubility,  oolarity) . 
The  interactions  between  the  oxygenates  and  the  Eu(fod,3  are  too 
v;eak  to  offset  the  gross  effect  of  the  squalane  solvent,  and  the 
column  functions  very  similarly  to  a column  which  has  squalane 
as  its  liquid  phase. 

Subsequent  to  these  studies  we  have  learned  of  the  success- 
ful use  of  Eu(fod)3  coated  on  controlled  porosity  glass  beads 
w.ithout  a solvent  as  an  oxygenate  subtractor  (9)  . The  details 
of  this  work  were  unavailable  at  the  time  that  the  sampling  was 
conducted  so  that  this  technology  could  not  be  used  in  the  cur- 
rent studios.  It  does,  however,  offer  a possible  solution  to 
the  problem  for  future  applications. 
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The  lack  of  success  in  these  attempts  to  further  extend  the 
compound  class  characterization  technique  by  developing  a method 
for  differentiating  between  aromatics  and  oxygenates  led  to  the 
decision  to  deemphasize  this  effort.  This  decision  was  based  on 
limitations  of  funding  and  time  and  the  belief  tliat  more  benc'- 
ficiad  information  could  be  obtained  by  applying  the  remaining 
resources  to  the  area  of  sampling  technology. 

Improved  Speed  and  Case  of  Operation 

The  analytical  system  that  was  used  in  the  March  197ij 
studies  had  some  features  that  made  the  analysis  slov;  and  rela- 
tivf^ly  cumbersome.  For  example,  the  use  of  a two-column  systc.ni 
(Fig.  2)  with  a manual  valve  switch  during  the  analytical  run  and 
the  requirement  for  two  identically  collected  samples  to  obtain 
a single  analysis  areatly  encumbered  the  analytical  miothod.  7i 
major  ei.ipha.sis  in  tiiis  program,  was  directed  toward  improving  the 
analytical  method  in  terms  of  speed  and  ease  of  operation. 

The  purpose  of  the  Chromosorb  105  column  in  the  previous 
system  (Fig.  2)  was  to  allow  the  water  to  pass  tbirough  rapidly 
while  retaining  the  oxygenated  and  aroinatic  compounds.  However, 
the  relatively  high  concentrations  of  water  in  the  actual  sa;T.t)lcs 
never  proved  to  be  a problem  in  the  analyses  since  the  FID  re- 
spon.se  associated  with  the  presence  of  water  was  insignificantly 
small  compared  to  the  hydrocarbon  response.  This  lead  to  the 
coriclusion  that  the  chromosorb  105  column  [jcrformed  an  unnccc^s- 
sary  fun-'tion  and  could  be  climin-’t-^d . Ey  clim.inating  this 
column  it  was  no  longer  necessary  to  modify  the  gas  chromatograph 
so  rhat  a column  wi.rh  separate  heating  capatvi ] i ties  could  be 
located  external  to  the  o\’en.  This  also  elimiinated  the  re<iuirc- 
ment  for  switching  the  carrier  flow  during  the  analysis. 

A second  m.odif ication  that  was  made  in  the  analytical 
system  was  to  split  the  colum.n  effluent  such  that  half  of  the 
flow  passed  directly  into  a flame  ionization  detector  while  tiie 
other  half  was  directed  through  the  olefin  and  oxygenate  sub- 
tracter column  (AqjSOy/IIjSO,*  and  I’dSOu/IlaSOu ) and  subsequently 
ii'.to  a second  flame  ionization  detector.  This  provided  for  both 
"subtracted"  and  "unsubt  f w.-t*=-d " analyses  on  a single  sample  olin’- 
inating  the  need  for  duplicate  samitJius.  'i'lie  basic  flow  schematic 
for  the  analytical  system  used  in  these  sttidics  is  shown  in 
Figure  13. 

The  implementation  of  these  modi t icat ions  cut  the  analysis 
t:me  by  more  than  50  an.i  eliminated  several  tr.anual  nneratior.s 
(e.q.,  valve  switching  and  insertion  of  subtracters)  from  the 
arialytical  process. 
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Ag2S04/H2S04 

PdSO^/H^SO^ 


Figure  13.  Flow  diagram  for  analytical  system. 


Instrumentation 

The  analytical  system  used  for  the  jet  engine  exhaust 
samples  centered  around  a conventional  gas  chromatograph  (GC) 
equipped  with  dual  flame  ionization  detectors  (FID) . The  unique 
features  of  this  system  were  the  method  of  sample  introduction 
and  the  data  processing  capabilities. 

The  chromatograph  used  in  these  analyses  was  a Hewlett- 
Packard  Model  5710  GC . The  samples  were  introduced  by  means  of 
a modified  Chromalytics  Concentrator  (Model  1047) . This  unit 
normally  functions  to  thermally  desorb  samples  from  sorbent  sam- 
pling tubes  and  reconcentrate  or  "focus"  the  sample  on  a second 
sorbent  trap.  This  second  trap  is  then  switched  into  the  normal 
carrier  system  and  heated  to  desorb  the  sample  in  a backflush 
mode  onto  the  analytical  column.  The  necessity  to  "focus"  sam- 
[jles  and  introduce  them  onto  the  analytical  column  in  a single 
"slug"  is  most  acute  when  sampling  has  been  done  over  an  extended 
period  (e.g.,  hours)  and  the  sample  has  become  significantly 
dispersed  throughout  the  sampling  tube. 

For  the  jet  engine  exhaust  sampling  the  time  necessary  to 
'icsorb  and  reconcentrate  the  sample  on  the  second  trap  was  com- 
parable to  the  total  sampling  time  so  ihat  no  advantage  would 
be  realized  in  this  reconcentration  step.  Consequently,  the 
Chromalytics  unit  was  modified  so  that  the  sampling  tube  itself 
could  be  switched  into  the  normal  carrier  flow  path  and  thermally 
desorbed  in  a backflush  mode  onto  the  analytical  column  (see 
section  on  "Chromatographic  Analysis,"  p.  40). 

Through  various  tests  and  evaluations  it  was  determined 
that  the  optimum  thermal  desorption  procedure  was  a 30-second 
preheat  period  at  300‘’C  under  no-flow  conditions  before  switching 
the  sorbent  trap  into  the  carrier  flow  path.  The  temperature  was 
maintained  at  300 °C  and  the  tube  remained  in  the  carrier  flow 
[)ath  throughout  the  entire  analysis.  The  switching  valve  was 
maintained  at  250''C  continuously.  The  Chromalytics  Concentrator 
h.i.s  very  good  thermal  desorption  characteristics  because  of  its 
rapid  temperature  rise  capabilities  (e.g.,  room  temperature  to 
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^.i.qure  14.  background  from  thermal  do.sorption  of  combination 
Tc'nax-GC/Ambersorb  XE-340  sampling  tube. 


Tho  other  unique  feature  of  the  analytical  system  was  tho 
data  interface  with  a Iiev;let t-Packard  Model  3 354  laborator'.>  data 
system  equipped  with  a 32K  computer  and  dual  disc  data  stoiraqe 
c:ipabi  lity' . This  meant  that  the  data  collected  during  the 
'.nalyses  could  be  stored  for  subsequent  computer  reductio!i. 

I'his  capability  greatly  ixpodited  the  processing  of  the  data 
1 rom  the  exhaust  sampling  studies. 

Analytical  Col umn 


The  analytical  column  to  be  used  for  the  jet  engine  exhaust 
studies  is  a 12  ft.  x 1/8  in.  (366  cm  x 0.3  cm)  O.D.  nickel 
column  packed  with  10%  1,2,3  tris- (2-cyanoethoxy')  propane  (TCEP) 
on  100/120  mesh  Chromosorb  G (acid  washed)  (Supelco,  Inc.). 

The  choice  of  this  column  is  based  on  previous  experience  (4,  8) 
that  demonstrated  the  ability'  of  TCEP  for  retaining  oxygenated 
and  aromatic  compounds.  The  performance  characteristics  arc  sucli 
that  essentially  all  oxygenated  compounds  (except  acetaldehyde) 
and  all  aromatics  have  longer  retention  times  than  saturated  nne’ 
olofinic  hydrocarbons  of  carbon  numbers  10  or  loss.  The  separa- 
tion characteristics  of  this  column  are  demonstrated  with  the 


tost  mixture  in  Figure  8.  Note  that  benzene  elutes  after  decane. 
Actually,  undecane  was  also  found  to  elute  before  methanol, 
acetone,  and  benzene.  A mixture  of  compounds  including  heptane, 
decane,  benzene,  toluene,  and  xylene  was  used  to  calibrate  the 
detector  response  over  the  range  of  compounds  collected  in  the 
jet  exhaust  samples.  Each  of  these  compounds  was  used  as  a 
standard  for  a particular  area  of  the  chromatogram.  This  made 
it  possible  to  compare  the  areas  under  the  chromatograms  from 
the  exhaust  samples  with  compounds  having  similar  characteristics 
and  retention  times.  It  was  believed  that  this  would  be  a more 
accurate  way  of  assessing  the  hydrocarbon  content  rather  than 
calibrating  with  a single  standard.  The  analytical  column  was 
operated  at  an  isothermal  temperature  of  80°C  and  flow  rate  of 
50-60  ml/min  for  the  jet  exhaust  samples. 

Subtractor  Column 

A subtractor  column  was  used  to  remove  olefinic,  oxygenate, 
and  aromatic  compounds.  The  subtractor  column  consisted  of  a 
6 in.  X J4  in.  (15.2  cm  x 0.6  cm)  O.D.  x 4 mm  I.D.  glass  tube 
containing  two  sections:  Ag2S04/H2S04  on  Chromosorb  W (0.5  g) 
and  PdS04/H2S04  on  Chromosorb  W (0.5  g) . The  Ag2S04/H2S04  served 
as  an  efficient  olefin  and  aromatic  subtractor,  while  the 
PdS04/H2S04  served  as  an  oxygenate  subtractor.  The  effectiveness 
of  this  trap  for  olefin  subtraction  was  tested  using  1-butene. 

The  total  removal  is  demonstrated  in  Figure  15.  The  effective- 
ness of  aromatic  subtraction  is  demonstrated  in  Figure  8.  The 
subtractor  was  also  tested  with  representative  oxygenates,  and 
100%  removal  was  obtained  for  acetone,  methanol,  ethanol,  pro- 
panol, and  butanol.  These  test  compounds  were  run  to  verify  the 
activity  of  the  current  preparations  of  the  subtractor  materials. 
Their  efficiency  for  accomplishing  these  class  subtractions  is 
well  documented  (1) . 

The  effluent  from  the  analytical  column  was  split  so  that 
one  half  passed  directly  into  a FID  while  the  other  half  passed 
through  the  subtractor  column  and  then  into  a second  FID.  By 
simultaneously  monitoring  the  signals  from  both  FID's  a compari- 
son was  made  between  the  chromatograms  of  subtracted  and  unsub- 
tracted sample. 

Output  From  Analysis 

The  analysis  accomplished  by  the  subtractive  chromatographic 
technique  described  above  provides  the  following  data; 

FID  A = Subtracted  Sample 

FID  B = Unsubtracted  Sample 

Paraffinic  (<  C10)  = FID  A (Heptane  and  Decane) 
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Figure  15.  Demonstration  of  subtraction  efficiency 
for  olefins  of  combination  7uj2SO.,/H2SO^ 
and  PdS0«/H2S0„  subtractor. 


Olefinic  (<Cio)  = FID  B - FID  A (h'eptane  and  Decane) 

Paraffinic  (>Cio)  = FID  A (Benzene,  Toluene,  and  Xylene) 

Aromatic  + Oxygenated  + 01oLi,-,ic  - i- lU  B - FID  A 

(Benzene,  Toluene,  and  Xylene) 

The  compounds  in  parentheses  are  the  standards  by  w.hich 
the  various  classes  were  calibrated.  The  above  relationships 
de.monstrate  how  the  data  were  processed  to  assess  the  contribu- 
tions from  the  various  classifications  of  compounds.  The 
paraffinic  compounds  v.'cre  indicated  by  the  subtracted  sample 
response  (FID  A).  Those  of  Cio  or  less  were  obtained  by  sumriinq 
the  contributions  from  the  areas  of  the  chromatogram  calibrated 
against  heptane  and  decane.  Those  >C i o were  obtained  by  summing 
the  areas  calibrated  against  benzene,  toluene,  and  xylene.  The 
olefinic  contribution  (<Cio)  was  obtained  by  subtracting  the 
subtracted  sample  response  (FID  A)  from  the  unsubtracted  rcsi^onse 
(FID  B)  during  that  portion  of  the  chromatogram  calibrated 
against  heptane  and  decane.  That  area  of  the  chromatogram  that 
Was  calibrated  against  benzene,  toluene,  and  xylene  produced  ttn^ 
contribution  due  to  oxygenates,  arf)matics,  and  olefins  >C  i ..  '.'v 
subtracting  the  subtracted  sample  response  (FID  A)  frero  tf;-, 
subtracted  response  (FID  D)  during  tliis  time 
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Differences  Erom  Previously  Used  Analytical  System 


I 


The  system  used  for  the  analysis  of  the  jet  exhaust  samples 
collected  in  March  1975  differs  significantly  from  that  used  in 
the  current  studies.  The  following  is  a sumjnary  of  the  most 
notable  differences: 

Deletion  of  the  Chromosorb  105  Column  - In  the  1975  studies 
a Chromosorb  105  column  was  used  in  series  with 
the  TCEP  to  separate  water  from  the  oxygenate  + 
aromatic  .fraction.  Since  water  was  found  not  to 
present  a problem,  this  column  was  eliminated  in 
the  current  analytical  scheme. 

Sample  Splitting  - In  the  1975  studies  two  identically 

collected  samples  were  required  for  a single  anal- 
ysis. One  was  analyzed  with  the  subtractor  in 
the  system  and  the  other  without  the  subtractor. 
Because  of  the  changes  in  the  analytical  system, 
the  current  studies  reejuired  only  a single  sample 
which  was  split  to  obtain  subtracted  and  unsub- 
tracted results. 


Data  Obtained  - The  use  of  the  subtractor  has  been  extended 
in  the  current  system  to  oxygenates  and  aromatics. 
Previously  it  was  assumed  tliat  all  compounds  elut- 
ing after  a certain  time  v;ere  either  oxygenate.s 
or  aromatics.  The  new  technique  accounts  for 
higher  paraffins  (>C  i o ) that  may  be  present. 


Data  Reduction  - The  current  analytical  sy.stem  is  interfaced 
with  a laboratory  data  system  that  was  used  to 
accomplish  the  total  data  reduction  for  the  jet 
exhaust  studies.  In  1975  the  data  were  reduced 
using  an  integrator  and  manual  manipulation  (pla- 
nimetry). The  speed  and  ease  of  data  reduction 
were  significantly  increased. 


The  changes  that  were  made  in  the  analytical 
improved  the  quality  of  the  data  but  also  greatly 
analysis  of  the  jet  engine  exhaust  samples. 


system!  not  only 
facilitated  the 


Sampling  and  Analysis  of  Jet 


Engine  Exhaust 


Exhaust  Sample  Collection 


On  18-20  January  1978 
a J85-5  jet  engine  at  the 
Patterson  Air  Force  Base, 
gram  involved  three  organi 


exhaust  samples  were  collected  from 
7\ero-rropulsion  Laboratory,  VJright- 
Ohio.  This  sampling  and  analysis  pro- 
zations : 
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1. 

2. 


1 


1 

Aero-Propulsion  Laboratory  (APL)  - operation  of  jet  ^ 

engine  and  on-line  total  hydrocarbon  analyses.  J 

Monsanto  Research  Corporation  (MRC)  - solid  sorbent  J 

sampling  and  subtractive  chromatographic  analysis.  1 


3.  USAF  School  of  Aerospace  Medicine  (SAM)  - cryogenic 
and  solid  sorbent  sampling  and  GC/.MS  analysis. 

MRC  collected  a total  of  15  samples  during  this  series  of 
tests.  The  test  matrix  indicating  the  conditions  and  numbers 
of  samples  is  given  in  Table  10.  Additional  samples  (numbers 
in  parentheses.  Table  10)  v;ere  collected  on  9 February  197R  when 
it  appeared  that  a computer  malfunction  at  MRC  had  resulted  in 
the  loss  of  a substantial  portion  of  the  18-20  January  data. 
Fortunately,  tliesc  data  were  later  recovered. 


TABLE  10.  TEST  .^lATRIX  FOR  MRC  SAMPLES 


:$ 


I 


f 

r 


J85-5  Conditions 

Approx . 

Power  Fuel  APL  TUC 


Mo.  of  samplers  at 

stared  conditions 

10  min  '3  2 0 min  '3 

10  ml/min  10  ml/min  Other 


IDLE  46%  rpm 
IDLE  46%  rpm 
CRUISE  75%  rpm 


JP-4 

.Alt.  fuel 


b 


JP-l 


.600 

-200 

-v500 


5(2)^ 

5(3) 

(3) 


3 


2(2) 


^Numbers  in  parentheses  indicate  samples  collected  on 
9 February  1978. 

^Alternate  fuel  is  a blend  of  JP-4  with  xylene  added  to  bring 
the  total  aromatic  content  to  25.  IV.. 


The  system  depicted  in  Figure  16  was  used  to  transport  the 
exhaust  samples  to  the  on-line  TliC  analyzer  (Bec]<man  Model  402} 
and  the  collection  system.  All  sample  transfer  lines  were  .heated 
to  ■-110°C.  A schematic  of  the  sample  collection  system  is  shown 
in  Figure  17.  Only  the  MRC  trap  was  used  to  collect  samples 
during  the  9 February  tests. 


j 


The  .MRC  collection  system  (Fig.  18)  consisted  of  a h in. 
(0.6  cm)  stainless  steel  toggle  valve  (VJhitey  Valve  Company),  a 
combination  .Ambersorb  XE-34  C/Tenax-GC  sorbent  trap,  and  a Broolcs 
Model  5341  thermal  mass  flow  sensor/control ler  to  maintain  a 
precise  flow  rate  duri:ic  tlie  samplirig  poricc. 
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MRC  - Monsanto  Research  Corporation 
SAM  - School  of  Aerospace  Medicine 
APL  - Aero-Propulsion  Laboratories 


Kxhaust  s.imiilo  collection  system. 


It' 


Fiaure  17. 


In  several  instances  a second  sorbent  tube  was  placed  in 
series  with  the  first  to  evaluate  the  possibility  of  sample 
breakthrough.  In  addition,  the  on-line  THC  analyzer  could  bo 
configured  by  appropriate  valving  to  monitor  the  effluent  from 
the  sampling  devices.  The  sampling  time  v;as  defined  by  timing 
the  period  between  opening  and  closing  of  the  toggle  valve. 

The  rationale  for  the  selection  of  .■\!'jbersorb  XE-340  (Rolirn 
and  Haas)  and  Tena>;-CC  (Applied  Science  1 .aborator  i es , Inc.)  as 
the  sorbent  materials  is  presented  in  the  section  on  "Choice  of 
Sorbent  Materials,"  p.  12.  A schematic  of  the  sarripling  tubes  is 
presented  in  Figure  4.  The  tubes  were  constructed  of  in.  O.D. 

X 3/16  in.  I.D.  x 6 in.  long  (0.6  cm  O.D.  x 0.5  cm  I.D  x 15.2  cm) 
stainless  steel  tubing  and  contained  0.2  g Tenax-GC  (60/80  inesh) 
and  '.0.4  q Ambersorb  XE-340  (unsievco)  wLtl.  silaiiizod  glviss  wool 
plugs  at  i.oth  ends  and  separating  the  sor.bcr.t  materials.  I'iic 
sorbent  r;..  t^;r  ials  wore  procondi  tionod  as  described  in  the  section 
on  "Conditioning  of  Sorbent  Mal.orials,"  [j.  16.  The  traijs  wejre 
thermaiLy  desorbed  at  300'^C  ■ai'ider  flow  for  16  hoars  prior  to 
sampling.  The  tubes  wore  capped  with  plu-stic  tubing  cap.s  durinc! 
transfer  and  storage  to  prevent  contamination. 

The  sampling  tubes  wore  positioned  such  that  the  flov/  wus 
directed  through,  the  Tonax-GC  first  and  then  through  the  amber- 
sorb  XE-34  0.  CiLir  i^rc'vious  evaluations  (see  section  on  "Choice 
of  Sorbent  Materials,"  ti.  12)  lt;d  to  the  -use  of  the  fol  Jewing 
sampling  parameters: 


Flow  l<ato  = JU  ml/miii 
.Sampling  Time  - 10  min 
Sampling  Temp.  = Ambient 

A few  samples  wore  collected  under  oi.h.er  conditions.  'i'lioso 
can  be  identified  in  Table  10.  A more  complete  descriptioti  of 
the  samples  is  contained  in  /Appendix  B. 

Chromatographic  Analysis 

The  samples  collected  at  APL  were  analyzed  at  MRC  using 
thermal  desorption  and  subtractive  chromatography  techniques. 

The  analytical  instrumentation  consisted  of  a Chromalytic;; 

Model  1 047  Concei.t rator  for  thermal  desorpt  ion  and  introduction 
into  a Hewlett-Packard  Model  5710  g.as  chroma tonraph  equipped 
with  a dual  flame  ionization  detector  (Fib).  'i'his  desorption/ 
analyticdil  systL-m  is  depicted  i.n  Fiqure  Ic^.  Note  that  the 
Chromalytics  Concentrator  oven  contains  a r-ix-port,  two-position 
val’/c  v/hich  is  sketched  in  Figure  20.  'Plus  valve  offers  the 
altornativo  o‘  direct  syringe  injection  of  a standard  or  thermal 
desorption  of  a sampling  tube-.  The  aiia  1 y 1 1 ca  ) column  w.as  a 
12  ft..  X 1/8  in.  U . b . (366  cm  x 0.3  c!''  O.D.)  nickf'l  colun.n  t;arked 

with  IG",  1 , 2,  3-tris  (2-cyanoet,hoxy)  i/roe-anc  (g'Cl-.P)  on  1 00/  120  mesh 
Chrorr.osorb  G (Supelco).  I'iie  (.'ffluont  from  tlu.  a.-eilyt  j cal  column 
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Figure  19.  Desorption/analytical  system  used 
in  jet  engine  exhaust  evaluations. 


Switch  In  'Trap' 
Position 


Sorbent  Tube  In  Tube  Furnace 


Currently  Unused  (Capped) 


Sorbent  Tube  In  Tube  Furnace 


Currently  Unused  (Capped) 


THERMAL  DESORPTION  OF  TUBES  INTO  GC 


Figure  20.  Diagram  of  six-port,  two-position 
valve  within  Chromalytics  oven. 


was  split  with  one  half  passing  directly  into  one  of  the  FID's 
while  the  other  half  passed  through  a 6 in.  (15.2  cm)  column  con- 
taining 0.5  g Chromosorb  W coated  with  Ag2S04/H2S0i*  and  0.5  g of 
Chromosorb  W coated  with  PdS04/H2SOx«  before  passing  into  the  sec- 
ond FID.  This  column  served  as  an  efficient  olefin,  oxygenate, 
and  aromatic  subtracter.  The  details  of  this  analytical  system 
are  discussed  previously  in  this  report  (see  section  on  "Develop- 
ment of  The  Analytical  System,"  p.  25). 

Typical  chromatograms  for  the  three  engine/fuel  settings  are 
shown  in  Figures  21,  22,  and  23.  Figure  21  is  the  chromatogram 
from  the  analysis  of  a sample  collected  at  the  IDLE  (46%  rpm) 
engine  setting  using  JP-4  fuel.  The  solid  line  represents  the 
detector  response  for  the  unsubtracted  sample  (i.e.,  that  por- 
tion passing  directly  from  the  column  into  an  FID)  , v;hile  the 
dashed  line  represents  the  detector  response  for  the  subtracted 
sample  (i.e.,  that  portion  passing  through  the  Ag2.504/H 2SO4  and 
PdS04/H2SO4  subtractors  before  passing  into  the  FID)  . A baclcup 
tube  was  also  used  on  this  sample  to  check  for  any  sample  break- 
through. The  bottom  two  traces  of  Figure  21  represent  the  unsub- 
tractc-d  and  subtracted  analyses  of  the  backup  tube.  This  shows 
that  there  was  no  significant  breakthrough  of  sample  during  the 
collection  period,  since  the  backup  tube  chromatogram  compares 
very  similarly  with  the  typical  trap  blank  (background)  shown  in 
Figure  14  (see  section  on  "Instrumentation,"  p.  31).  Figure  22 
contains  a typical  chromatogram  (subtracted  and  unsubtracted)  for 
the  CRUISE  (75%  rpm)  setting  using  JP-4,  while  Figure  23  contains 
the  similar  representation  for  the  IDLE  (46%  rpm)  setting  using 
the  alternate  (JP-4  xylene)  fuel.  In  every  case  where  backup 
tubes  were  used,  no  significant  breakthrough  was  detected.  The 
raw  data  from  all  of  the  analyses  were  stored  on  a disc  in  the 
MRC  Hewlett-Packard  Model  3354  laboratory  data  system  for  later 
reduction. 

A calibration  standard  consisting  of  heptane,  decane, 
benzene,  toluene,  and  m-xylene  in  carbon  disulfide  was  run  daily 
during  the  analy.sis  period.  The  raw  data  from  these  calibration 
runs  were  also  stored  on  the  computer  disc. 

This  calibration  standard  used  a mixture  of  compounds  rather 
than  a single  one  to  provide  a more  accurate  comparison  of  detec- 
tor response  to  sample  size  over  several  regions  of  the  sample 
chromatogram.  Furthermore,  the  concentrations  of  the  calibration 
compounds  were  determined  by  comparing  their  peak  heights  to  the 
peak  heights  of  a preliminary  sample  (MRC-0,  the  first  sample 
collected)  , thereby  ensuring  a proper  order  of  magnitude  for 
sample  quantitation.  The  composition  of  the  calibration  stand- 
ard is  given  in  Table  11. 
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TABLE  11. 


CAI,IBEATION  STANDARD  FOR  JET  ENGINE  EXHAUST  SAMPLES 


Volume  (pi)  of  Amount  (lig)  of 

pure  compound  compound  in  a Equivalent  ppmC  in 


Compound 

diluted  to  50  ml 
with  CS2 

1 1 i n jection 

of  staiidard 

a 1 ul  injection 
of  standard 

Heptane 

75 

0.99 

19.6 

Decane 

60 

0.87 

15 . 0 

Benzene 

54 

0.95 

17 . 7 

Toluene 

43 

0.85 

13.8 

Xylene 

51 

0.88 

16.3 

Total:  82.4 

An  c; 

■:  ur.ple  of  the  chromatogram  from  a 

typical  calibration 

standard  i:-;  in  Figure  24. 

Data  Interpretation 

As  stated  previously,  the  raw  data  from  the  jet  engine 
exhauct  samples  and  calibration  standards  were  stored  on  the  data 
disc  of  a Hev;lGtt-Packard  Model  3354A  laboratory  data  system. 
These  data  are  collected  by  the  system  in  the  form  of  "area 
slices"  during  the  course  of  the  chromatographic  analysis.  Each 
area  slice  contains  the  area  under  the  chromatographic  trace 
during  a set  time  interval  (e.g.,  normally  0.5  seconds).  The 
areas  are  accum.ulated  and  transmitted  to  the  computer  by  an 
analog-to-digital  (A/D)  converter  at  the  chromatograph. 

This  method  of  collecting  and  storing  data  is  illustrated  in 
Figure  25.  Note  that  the  computer  has  an  established  baseline  of 
-10  mV,  and  the  amplitude  of  the  signal  is  measured  in  terms  of 
voltage  (microv'olts ) relative  to  this  baseline.  The  area  is 
obtained  by  forming  the  product  of  the  area  slice  width  (time 
interval)  and  the  amplitude  during  that  interval.  The  chromato- 
graphic baseline  is  generally  near  0 mV  so  that  the  area  between 
the  chr oma tog r a p h 1 c baserine  and  the  coiuputer  baseline  is  in'" 
eluded  in  each  of  the  area  slices.  Once  the  raw  data  have  been 
accumulated  the  system  software  proc-esses  these  data,  determines 
the  existence  of  pealcs  based  on  certain  integration  criteria, 
and  corrects  for  the  area  between  th.e  chromatographic  and  system 
baselines  to  obtain  the  area  under  each  peak.  This  process  is 
illustrated  in  Figure  26. 

The  calibration  standard  analyses  consisted  of  chromato- 
graphically  distinct  peaks  so  that  the  standard  method  of 
collecting  (C.5  sec  intervals)  and  analyzing  the  raw  data  was 
used.  The  areas  of  peaks  integrated  by  this  method  are  aiven  in 
the  units  of  counts  (]  count  = 0.5  microvolt-second).  D i i r;  l no 
the  calibration  standard  peak  area.s  by  the  number  of  nti  crov.;rams 
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of  each  calibration  compound  in  a standard  injection  produced 
the  calibration  factors  (counts/rg)  used  to  quantify  the  jet 
engine  exhaust  samples.  Therefore,  for  the  calibration  runs, 
the  calibration  factors  were  determined  for  each  of  the  five 
standard  compounds  from  the  unsubtracted  (straight  to  FID) 
portion  of  the  sample  split.  However,  due  to  the  presence  of 
the  subtractor  columns  the  split  ratio  was  not  exactly  1:1, 
although  it  was  consistent.  Therefore,  the  subtracted  portion 
of  the  sample  was  analyzed  also  and  the  calibration  factors 
determined  for  heptane  and  decane  since  these  compounds  were 
not  removed  by  the  subtractor.  Calibration  factors  for  three 
subtracted  compounds  (benzene,  toluene,  and  m-xylene)  were  then 
determined  on  the  basis  of  the  split  ratio  by  taking  the  average 
of  the  subtracted/unsubtracted  values  for  heptane  and  decane  and 
multiplying  by  the  unsubtracted  calibration  factors  for  benzene, 
toluene,  and  m-xylcne.  These  calibration  factors  are  tabulated 
in  Appendix  b7  Table  B-2. 

The  actual  jet  exhaust  data  were  not  processed  by  the 
normal  peak  integration  technique  since  the  chromatograms 
consisted  of  envelopes  of  response  rather  than  distinct  peaks. 

The  important  data  for  this  method  of  analysis  are  the  accumiula- 
tive  area  over  a particular  st-an  of  the  chromatogram.  Therefore, 
larger  area  slices  (10  sec)  were  collected  and  stored  for 
processing  by  a special  computer  program  that  related  the  areas 
to  the  appropriate  calibration  standards.  The  basic  program 
(cal.led  "JET")  used  to  process  these  data  is  listed  in  Appen- 
dix C.  The  areas  of  the  samples  were  determined  by  subtracting 
a baseline  value  from  the  entire  chromatographic  run,  similar 
to  the  standard  method.  The  baseline  value  for  each  analysis 
was  selected  at  the  minimum  of  the  sample  chromatogram  at  or 
near  the  end  of  the  run.  This  was  found  to  eliminate  most  of 
the  sample  tube  background  contribution  to  area  along  with  the 
baseline  subtraction.  The  analysis  of  each  sample  was  optimized 
by  individually  selecting  the  baseline  values. 

The  total  areas  of  the  samples  were  then  divided  into  five 
regions  for  quantitation  with  the  five  calibration  standards. 
These  regions  were  defined  at  points  selected  from  the  calibra- 
tion runs  in  chromatographic  valleys,  halfway  between  two  cali- 
bration compound  peaks.  This  is  illustrated  by  Figure  27, 
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Resul ts 


An  oxaiiipLe  of  a typical  report  resulting  from  the  reduction 
of  exhaust  sample  data  with  the  BASIC  program,  "JET",  is  given 
in  Figure  28  for  both  the  unsubtracted  and  subtracted  analyses. 
The  total  amount  of  hydrocarbons  (ppmC)  analyzed  is  obtained 
directly  from  the  total  ppmC  in  the  "UNSUBTRACTED”  report.  The 
quantities  of  the  different  classes  of  chemicals  are  obtained 


as  follows: 

I-'araf  f iiiri  (2Cio) 

(tq. 

ppmC  of  Hoptano 

+ bccare,  .Subtracter  J 

Olefins  (SCioi  & 
lighu  Oxygenates 

lEq. 

pp-mC  of  Heptane 
-[Paraffins  (IC 

+ Becario , Unsubtracted 
io)  1 

Paraffins  (>Cio) 

!Eq. 

ppmC  of  Renzeno 
Subt)  dUtl  J ! 

, Toluene  and  m-Xylene, 

Olofins  (>Cio) , 

(Eq. 

ppmC  of  Benzene 

, Toluent-  and  m-Xylcne, 

Oxygenates  i.  Unsubtracted)  -[Paraffins  (>Cio)l 

Aromatics 

Tlie  total  hydrocarbon  data  and  chemical  class  data  are 
compiled  in  Tables  12  and  13,  respectively. 

These  data  are  further  reduced  to  show  the  average  ^■alues 
for  a particular  sampling  condition  in  Tables  14  and  15  fcr  the 
total  hydrocarbon  and  chemical  class  inforniation , respectively. 

Ihrce  of  the  samples  (MRC-10,  11,  and  12)  were  collected 
on  tubes  that  had  been  inadvertently  packed  such  that  the 
sample  passed  through  the  Amhersorb  first  rather  than  the  Tenax. 
Therefore,  no  results  were  obtained  for  these  samples.  Two 
other  samples  collected  on  the  same  day  (20  January)  at  the  some 
conditions  [Alt.  Feel,  Idle  {46^  rpm) 1 gave  results  that  were 
abnormally  low  for  tuese  engine  conditions  because  of  a leak  in 
the  exhaust  sample  transfer  line.  These  results  were  reflected 
in  both  the  on-line  and  the  MRC  THC  values.  More  typical  values 
were  obtained  for  this  condition  from  the  9 Febrv;ary  samples. 

P-Lscussion  of  Results 

It  is  informative  to  consider  the  results  of  these  analyses 
both  on  an  individual  basis  and  in  comparison  with  similar  fuel 
or  power  settings.  The  results  are  tabulated  in  Table  15  for 
the  three  fuel  and  power  settings  sampled. 

The  average  THC  values  show  that  the  more  efficient  cruise 
setting  produces  a lower  level  of  organic  emissions  by  a factor 
of  2.5-3  compared  with  an  idle  setting.  There  appears  to  be  no 
significant  difference  in  the  total  organic  emissions  from  the 
JP-4  and  the  alternate  fuel  (JP-4  + xylene  to  give  25.11 
aromatics)  under  identical  power  settings  (Idle,  46t  rpm). 
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Figure  28.  Typical  exhaust  sample  analysis  report. 
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TABLE  12.  TOTAL  HYDROCARBON  (THC)  DATA  FOR 

INDIVIDUAL  JET  ENGINE  EXHAUST  SAMPLES 


TABLE  13.  CHEMICAL  CLASS  DATA  FOR  INDIVIDUAI.  JET  ENGINE  EXHAUST  SAMPLES 


The  APL  THC  values  were  obtained  by  an  on-line  THC  analyzer. 


TABLE  14.  AVERAGE  PERCENT  OF  ON-LINE  THC 
VALUES  FOR  EACH  POWER  SETTING 


Run 

Power 

setting 

MRC-1 

MRC-2 

MKC-3 

MRC-4 

MRC-5 

MRC-Rl 

MKC-R2 

Idle 

(46% 

rpm) 

MRC-R? 

MRC-R4 

MRC-R*^ 

Cruise 

(75% 

rpm) 

NRC-6 

MRC-7 

MRC-8 

MRC-9 

MRC-13 

Cruise 

(75% 

rpm) 

MRC-R6 

MRC-R7 

MRC-R8 

Idle 

(46% 

rpm) 

All  100  ml 

& 200  ml  runs 
(i.e.,  all 
above  runs) 

(Overall ) 

MRC-3  (backup) 

Idle 

(46% 

rpm) 

MRC-9  (backup) 

Idle 

(46% 

rpm) 

MRC-R9 

MRC-RIO 

Idle 

(46% 

rpm) 

MRC-14 

Idle 

(46% 

rpm) 

MRC-14  (backup) 

Idle 

(46% 

rpm) 

MRC-1 5 (Tenax  only) 

Idle 

(46% 

rpm) 

MRC-1 5 (backup) 

Idle 

(46% 

rpm) 

Average  % of 


Fuel 

Sample 

size 

the  on-line 
(APL)  THC  value 

JP-4 

100  ml 

91% 

JP-4 

100  ml 

105% 

JP-4 

200  ml 

90% 

Alt. 

fuel 

100 

ml 

102% 

100 

ml  & 

96% 

200 

ml  (range 

: 82% 

to 

113%) 

std , 

dev.  : 

9% 

JP 

-4 

100 

ml 

21% 

Alt, 

fuel 

100 

ml 

11% 

Alt . 

fuel 

1000 

ml 

68% 

Alt. 

fuel 

500 

ml 

74% 

Alt. 

fuel 

500 

ml 

6% 

Alt. 

fuel 

IOC 

ml 

73% 

Alt. 

fuel 

100 

ml 

27% 
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TABLE  15.  AVERAGE  PERCENT  COMPOSIi.ON  OF 
JET  ENGINE  EXHAUST  SAMPLES 


Fuel  .and 
power  aettifici 

Avg . THC 
(ppfnC) 

No . O t 
ruplic&tcs 

% Paraffine 

ILCiq) 

* Olefins  (::C,o) 

+ light 
oxyqe.nates 

1 Paraftinfl 
OCto) 

% Oxygenatus 
+ aromatics  + 
olefine 

JP-4 

556 

7 

2i 

27 

29 

Idle  (46%  rpD] 

(17-22)'' 

(21-27) 

(21-31) 

(23-34) 

JP-4 

209 

6 

IB 

2} 

23 

37 

Cruite  (75%  rpml 

(15-20S 

(20-25) 

(18-26) 

(33-42) 

Alt.  fuel 

4 35^ 

21 

19 

21 

40 

Idle  (46%  rpm) 

593 

3 

(20-22) 

(13-21) 

(17-25) 

(37-42,' 

*Numl>et«  In  paranthcnet  indicate  range  of  values  obtained  from  replicate  samples. 

^^This  value  is  abnormally  low  due  to  a leak  in  the  exhaust  sample  delivery  system 
that  resulted  in  dilution  of  samples  collected  on  this  day  {20  ianuary) . 


The  d.'it-a  can  further  be  reduced  by  combininq  the  les.s 
reactive  paraffins  into  a single  category  and  the  more  reactive 
olefins,  oxygenate.^,  and  aromatics  into  another  category.  'ihese 
data  are  presented  in  Table  16. 


TABLE  16.  JET  EXHAUST  EMISSION  DATA  .SUMMARIZED 
AS  TOTAL  PARAFFINS  AND  TOTAL  OLEFINS 
+ OXYGENATES  + AROMATICS 

i Olefins, 

Fuel  and  oxygenates, 

power  setting % _? a r a f f in s aromatics 

JP-4  46  54 

Idle  (461.  rpm) 

JP-4  41  59 

Cruise  {75c  rpm) 

Alt.  fuel  42  5B 

Idle  (466  rp.m) 


It  can  be  seen  that  in  every  case  the  majority  of  the 
organic  emissions  can  be  characterized  as  belonging  to  the  more 
reactive  categories  (olefins,  oxygenates,  and  aromatics). 
Presented  in  this  .manner,  the  E compositions  for  the  JP-4  at 
Cruise  (75%  rpm)  and  the  Alternate  Fuel  at  Idle  (40%  rpm)  crni.s- 
sions  are  very  similar  although  the  total  organic  emission.^  are 
much  lower  for  the  cruise  condition. 

There  apjiears  to  be  a significantly  'nigher  i-crcentaue  e; 
the  sampilc  attributable  to  oxygenates,  aromatics,  and  clcfins 
(>Cio)  in  the  eini.s.sions  frohi  jr’-4  at  cruise  condition  con  i a ) i d 
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to  idle  (Table  15) . This  would  be  expected  since  the  cruise 
power  setting  results  in  more  efficient  combustion  which 
should  increase  the  degree  of  partial  oxidation  in  the  emitted 
hydrocarbons . 

Another  significant  comparison  can  bo  made  by  considering 
the  effect  of  different  fuels  at  the  same  power  setting.  Both 
JP-4  and  the  alternate  fuel  were  run  in  the  engine  at  an  idle 
(46%  rpm)  power  setting.  The  alternate  fuel  is  JP-4  with  xylene 
added  to  bring  the  total  aromatics  up  to  25.1%.  This  special 
blend  was  created  to  simulate  expected  higher  aromatic  concen- 
trations in  shale  and  coal-derived  fuels.  The  added  aromatic 
concentration  was  reflected  in  a higher  percentage  contribution 
from  the  oxygenates  + aromatics  + olefins  (>Cio)  category  in  the 
emissions  data  for  the  alternate  fuel.  Therefore,  an  increased 
aromatic  content  does  significantly  increase  the  content  of  the 
more  reactive  species  in  the  exhaust. 


A significant  difference  between  the  results  obtained  in 
these  studies  and  those  obtained  in  March  1975  is  that  the  data 
from  the  earlier  studies  probably  contained  erroneously  high 
values  for  the  aromatic  + oxygenate  category  because  of  the 
assumption  that  all  of  the  emissions  falling  in  the  area  of  the 
chromatogram  at  retention  times  greater  than  decane  were  due  to 
aromatics  and  oxygenates.  Figure  29  is  a chromatogram  of  a 
typical  JP-4  fuel  (5) . From  this  chromatogram  it  is  obvious 
that  a significant  portion  of  the  paraffin  content  of  this  fuel 
is  >Cio.  In  fact,  the  average  paraffin  carbon  number  is  8.7. 
Since  these  larger  paraffin  molecules  would  be  more  difficult  to 
burn,  it  is  reasonable  to  expect  >C i © paraffins  in  the  exhaust. 


The  changes  made  in  the  analytical  system  that  resulted  in 
the  subtracter  column  being  used  throughout  the  chromatographic 
analysis  (see  section  on  "Development  of  the  Analytical  .System, 
p.  25)  resulted  in  the  ability  to  assess  the  >C-io  paraffin  con- 
tent in  these  studies. 


CONCLUSIONS 

It  is  appropriate  to  consider  the  conclusions  reached 
during  the  course  of  this  study  in  two  separate  areas: 

(1)  sampling  and  analysis  methodology,  and  (2)  jet  engine 
exhaust  results. 

The  conclusions  that  can  be  made  concerning  the  sampling 
and  analysis  methodology  arc  summarized  in  the  following 
statements : 
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1.  The  combination  Tenax/Ambersorb  XE-340  trap  proved 
to  be  a highly  efficient  (96%  average  recovery) 
method  of  recovering  the  organic  emissions  from  jet 
engine  exhaust  using  the  prescribed  sampling 
parameters . 

2.  A sampling  rate  of  10  ml/min  for  10  minutes  (100  ml 
total  sample  volume)  proved  to  be  a good  value  (for 
the  amount  of  sorbents  used)  in  terms  of  providing 
adequate  sample  for  the  analysis  and  avoiding  major 
breakthrough  of  sample. 

3.  The  organic  class  analyses  gave  a reasonable  profile 
of  the  composition  of  the  exhaust  such  that  the  total 
contribution  from  the  more  environmentally  significant 
classes  (oxygenates  + aromatics  + olefins)  could  be 
assessed . 

4.  The  modifications  to  the  analytical  system  represent 
a major  advancement  over  the  system  used  in  previous 
studies  (March  1975)  because  of  the  ability  to  measure 
the  >Cio  paraffin  contribution. 

5.  The  ease  and  speed  of  analysis  have  been  greatly 
enhanced  due  to  modifications  that  eliminate  the  re- 
quirement for  two  samples  to  obtain  a single  analysis. 

The  conci  us ifins  that  can  be  drawn  from  the  results  of  the 
jet  exhaust  analyses  are: 

1.  A power  setting  corresponding  to  a cruise  condition 
(75%  rpm)  produces  lower  total  organic  emissions  than 
a power  setting  corresponding  to  idle  (46%  rpm). 

2.  For  all  power  settings  and  fuels  examined  the  major 
contributions  to  the  organic  emissions  were  in  the 
more  reactive  category  corresponding  to  olefins, 
aromatics,  and  oxygenates. 

3.  The  percent  contribution  corresponding  to  oxygenates 

+ aromatics  + olefins  (>Cio)  was  significantly  greater 
for  JP-4  at  cruise  than  at  idle,  probably  reflecting 
a greater  degree  of  partial  oxidation  of  the  emitted 
organics  for  the  more  efficient  combustion  at  cruise 
conditions . 

4.  There  was  a significant  increase  in  the  percent  con- 
tribution corresponding  to  oxygenates  + aromatics  + 
olefins  (>Cio)  when  an  alternate  fuel  blend  containing 
an  increased  aromatic  concentration  was  used,  probably 
reflecting  a corresponding  increase  in  the  aromatic 
composition  of  the  exhaust. 
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RECOMMENDATIONS 


The  results  from  the  jet  exhaust  analyses  indicate  a major 
advance  in  both  the  sampling  and  analytical  systems  compared 
with  those  used  in  the  March  1975  studies.  Some  additional 
improvements,  how’ever,  can  be  made  to  further  increase  the  value 
of  this  typo  of  analysis.  The  following  are  areas  of  research 
and  suggested  improvements  that  should  be  explored: 

1.  Although  the  recovery  of  organic  emissions  using 
the  combination  Tenax/Amhe rsorb  XE-340  trap  was  very 
impressive  compared  with  on-line  THC  values,  addi- 
tional evaluation  of  this  system  should  be  made 

to  establish  that  sample  integrity  is  m.aintained 
(i.e.,  what  goes  onto  the  tube  is  also  what  comes 
off  the  tube  and  is  analyzed) . 

2.  Further  optimization  as  to  quantity  of  sorbent 
materiu'.l  should  be  m.ade. 

3.  The  use  of  glass  or  glass-lined  stainless  steel 
should  be  considered  for  trap  tube  construction 
to  further  reduce  background  levels. 

4.  Although  the  efforts  to  accomplish  arometic/ 
oxygenate  differentiation  in  this  program  were 
unsuccessful,  it  now  appears  that  the  technu-ogy 
may  be  available  to  accomplish  this  task  (9). 

This  should  be  pursued  as  a very  desirable  addi- 
tional class  separation  that  can  be  incorporated 
into  the  system. 
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STANDARD  SAMPLE  GENERATION  SYSTEM 

To  evaluate  the  sorbent  sampling  systems  used  in  this 
project  it  was  necessary  to  have  a method  for  generating  known 
concentrations  of  organic  compounds  in  di’namic  gas  streams. 

MRC  has  developed  a dynamic  standard  sample  generation  system 
based  on  the  controlled  syringe  injection  of  organic  licjuids 
into  a flowing  stream  of  gas  (Na)  . v^apor  i zat  ion , and  subsequent 
dilution.  This  system  was  used  to  evaluate  the  sorbent  tubes 
for  the  jet-  engine  exhaust  studies. 

Figure  A-1  is  a schematic  diagram  of  the  sample  generation 
system.  The  mam  frame  of  the  .sy.stem  is  a .modified  F&M  Model  700 
gas  chroriatograph . The  chromatograph  has  been  stripped  of  tiie 
prottfCti\  <..  r.e-.al  covering  and  the  detector  r erioved . T!ie  oven 
(12  i.n.  M [2  ■ I'i . (30.5  cm  x 30.5  cm)  was  relocated  from  the 

right  to  -che  lift  sjde  of  the  main  frame.  Four  heated  zones 
were  available  on  the  original  GC.  One  of  these  zones  controls 
the  oven  temperature  while  the  otlier  three  are  available  for 
heating  various  components  of  the  cample  generaticn  system.  Two 
of  these  are  used  to  separately  control  the  temperature  of  the 
two  3-port  injection  blocks  csee  Figure  A-l).  The  final  one  is 
available  for  heating  transfer  lines  for  direct  interfacing  with 
a detector  for  frontal  analysis  capacity  studies.  A Simpson 
pyrometer  (0-500°C)  has  been  added  along  with  a solectior;  sv.-itc;; 
and  necessary  circuit  modifications  to  allcv.-  tne  monitoring  of 
temperatures  in  the  four  zones. 

Additional  modii  ications  included  an  18  in.  x IS  in.  ,x  i in. 

(45.7  cm  X 4 5.7  cni  ;;  0.6  cm))  aluminum  plate  attached  to  the 

main  frame  to  the  right  of  the  oven  to  accoin.modate  the  syringe 
drives  and  a 13  in,  x 12  in.  x k in.  {3?  cm  x 30.5  cm  x 0.6  cm) 

aluminum  plate  attached  tc  the  main  frame  in  front  of  the  oven  to 

accommodate  the  flow  controller  instrumentation.  The  necessary 
bulkhead  fittings,  toggle  valves,  needle  valves,  tubing  and 
pres.sure  gages  were  also  added  to  accompli^:';  the  configuration 
indicated  in  Figure  A-l . 

The  generation  s'ystem  functions  in  the  following  manner. 

A source  of  carrier  gas  (N2)  is  introduced  and  split  into  a 
primary  and  secondary  flow.  Trie  primar-^.-  flow  passes  through  a 
Brooks  Model  5841  mass  flow  sensor/controller  which  maintains 
the  flow  at  a preset  value  (0-1  090  ml/min).  This  flow  n^asses 
through  indiv^idually  heated  and  controlled  injection  blocks 
whicli  are  designed  to  each  accept  throe  syringes  niounted  or. 

Sage  Model  355  variable  control  syringe  drives.  Il-iis  allows 
for  the  .simultaneous  introduction  of  sa;-:  pure  liquid  comjK^ru  nts 
or  potentially  many  more  ii  mixtures  of  cornpouiicls  arc  used  in 


Si 
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Schematic  cf  MRC  dynamic  cjaseous  sa 


the  syringes.  The  rate  of  injection  caii  be  v^aried  from  sub 
microliter/hour  to  niilliLiter/ininute  rates  by  choice  of  syringe 
size  and  drive  rate.  The  liquid  samples  are  vaporized  in  the 
injection  block  and  swept  with  the  carrier  gas  into  a constant 
temperature  oven. 

The  major  portion  of  the  primary  flow  passes  through  the 
oven,  passes  through  a needle  valve  used  to  regulate  the 
pressure  in  the  primary  flow  path,  and  is  ex[)elled  to  vent.  A 
small  portion  (usually  10  ml/min)  of  tne  primary  flow  is  splat 
off  through  a second  needle  valve  and  passe-s  into  a sv.’itching 
valve.  The  switching  valve  makes  it  possible  to  switch  a 
Hastings  .Model  LF-100  (0-100  ml/min)  mass  flow  sensor  into  the 

flow  path  (dashed  line  in  Figure  A-1)  to  measure  the  exact  split 
on  the  primary  flow.  The  portion  of  the  primary  flow  that  is 
solit  ovh  oasses  from  the  switching  valve  end  is  combined  with 
the  s.rC',;;i.-  carrier  flow  which  enters  the  constant  temperature 
oven  Lia'oug:'-  a ■^rcoks  Model  5841  mass  flow  sensor/controller 
0-2000  ml.i'.nn}.  As  in  the  case  of  the  primary  flow,  the  major 
portion  of  the  secondary  flow  passes  through  the  over,  and  is 
cxptrlled  to  vent  through  a noodle  valv’e.  A small  portion  o*.‘  tlio 
secondary  ‘^low  is  split  off  through  a toggle  valve  to  a solid 
sorbent  sampling  tube.  The  rate  of  sampling  (0-500  ml/min)  is 
controlled  by  a Brooks  Model  5841  mass  flow  sensoi /controller 
at  the  tube  exit. 

V-hth  the  s..r;.clc  generation  syscem  i;-.  tins  configuration 
It  is  possible  to  achieve  dynamic  sample  generation  of  pure 
compounds  down  to  low  ppb  concentrations.  For  example,  a 
concentration  of  -20  upb  can  be  achieved  using  pure  benzene 
in  a 25  1. 1 syringe  at  a syringe  drive  rate  of  25\  of  the  i/lCOO 
oi  full  range  setting  and  primary  and  secondary  flows  of 
lOOO  ml/nin  and  2000  ml/min,  respectively,  using  a 1C  ml/min 
split  fron,  the  primary  flow.  Under  these  conditions,  the 
syringe  drive  mechanism  delivers  0.0143  ;,l/min. 

The  data  in  Table  A-1  siiow  the  results  of  num.erous  syringe 
delivery  rate  determinat ivons  for  the  sample  generation  system. 

The  final  column  entitled  "Equivalence"  has  bee.n  added  to 
provide  a comjaor.  basis  for  comparison  of  the  various  settings 
by  CO!. verting  tc  the  equivalent  delivery  rate  assuming  a 25  .1 
syringe  at  a setting  of  1001  of  fne  1/lbo  range.  Tiicsc  data 
show’  good  acreerient  in  general  and  excellent  agreement  for 
repeat  measure:,  ents  of  the  same  setting  (e.y.,  25  nl  syringe 

at  25i  rf  1/100  range).  Son.e  problems  of  nonlinearity  arc- 
encountered  at  lower  percent  of  range  settings,  and  these  arc 
reflected  i.-;  tiie  data  obtai.ned  for  the  dolivciy  ut  5 r of  1/1000 
range.  Generally  settings  below  25  ol  any  range  wall  not  ic 
used.  The  value  o;  tamed  for  the  100  -1  syringe  agreed  sur- 
prisingly well  With  thor.c  obtained  with  Lr.e  25  rl  syrar.ce. 

This  -will  not  n.cossariiy  ;,o  the  c.asc-  fron-.  syr  inu'.  to  s\-r;:vg',  ■ 


TABLE  A-1. 


SYRINGE  DELIVERY  RATE  DATA 


Amount 

Syringe  delivered  Hate  Equivalence 


_(_y  ]J 

(lill 

(!'  . ■ ■ 

(ul/min) 

Ra.uqe 

(ul/min) 

r 

1 

4 

27.  (>7 

0. 145 

1/100  0 

2 5“^. 

0.580 

:'s 

1 

70.00 

0.0143 

1/1000  0 

25<i. 

0.572 

25 

1 

52.50 

0. 0190 

1/1000  ■? 

31 .9% 

0.596 

2 = 

5 

34.23 

0.  146 

1/100  a 

25% 

0.584 

25 

5 

34.37 

0.145 

1/100  0 

2 5% 

0.530 

25 

5 

34.18 

0.  146 

1/lOC  a 

2 5% 

0 584 

25 

2.5 

978.0 

0.0026 

1/1000  0 

5% 

0.512 

100 

18 

7.37 

2.44 

1/100  0 

100% 

0.610 

^Assuming 

2 5 Vil 

syringe  at 

lOOi  of  1/1 0( 

) range. 

since  the  graduations  along  the  syringe  barrels  will  not  neces- 
sarily be  the  same.  Although  the  linearity  of  delivery  is  in 
most  cases  good,  this  is  used  only  to  obtain  a rough  approxima- 
tion of  the  delivery  rate  at  a particular  setting.  An  accurate 
measurement  is  made  with  each  experiment  to  determine  the 
precise  delivery  rate. 


To  give  .some  indication  of  the  accuracy  the  system 
for  generating  standard  vapor  concentrations,  following  data 

were  obtained  using  acrylonitrile  as  the  test  compound.  The 
conditions  were  as  follows: 


Primary  flow: 
.Split  flow: 
Secondary  flow: 
Sample  flow: 
Dilution  factor: 
Syringe  size: 
Syringe  drive  settings: 

Delivery  race: 


1000  ml/min 
10  ml/min 
2000  ml/rnin 
10  ml/min 

(10/1000)  (10/2010) 
2 5 i,l 

1/100  0 255. 

0.146  ul/m.in 


4.975  X 10-5 


Table  A-2  contains  the  results  of  two  sampling  experiments 
using  Porapak  N sampling  tubes  and  sampling  times  of  30  and  60 
minutes . 


TABLE  A- 2. 


RLCOVERV  OF  ACRYLOiJ  ] TRI  oL  FROM 
STANDARD  SAMPLE  GENERATION  SYSTEM 


t 

E 


Sampling 

Theoretical 

Actua 1 

time 

amount 

amount 

q. 

o 

(miii ) 

( iig ) 

(.-g) 

Recovery 

60 

0.35 

0. 3G 

103 

30 

0.17 

0.18 

106 

The  acrylonitrile  was  analyzed  by  thermally  desorbing  the 
Porapah.  N tubes  at  150°C  onto  a Porapak  0 analytical  column 
(at  150°C)  and  subsequent  detection  by  a nitrogen  specific  FID 
Agreement  to  within  lOi  of  theoretical  values  has  consistently 
been  obtained  from,  samples  generated  on  the  system. 


APPENDIX  B 


COMPILATION  OF  SAMPLING  AND  ANALYSIS  PARAMETERS 

Table  B-1  describes  each  sample  that  was  taken,  the  date 
sampled,  the  sampling  parameters,  the  date  analyzed,  and 
various  analysis  parameters.  The  analysis  parameters  include 
the  separation  of  the  subtracted  and  unsubtracted  information 
into  different  files,  a coded  reference  of  calibration  factors, 
and  the  program  variables  (which  are  discussed  in  Appendix  C) . 
Table  B-2  is  a listing  cf  the  calibration  factors  by  the  coded 
reference  used  in  Table  B-1. 


67 


TABLE  B-1.  JET  ENGINE  EXHAUST  SAMPLING  AND  ANALYSIS  INFORMATION 


> C 6 \.Ci  \£) 

3 H \D  <X> 

B ac  U >-4  ^ 


2 ' 


X <x> 

H r- 


^ 8 'e  o 

CL  H H 

eve 

•« 


« ri\ 


V V CD  il 

•T  ^ ^ 'T 

rs  rN 


CO  O O 

iT!  ^ r*  iT! 

fO  i-H 


r-l  <-<  CM  <N 

a ^ O' 

OL  iA  CC  lA 


Sampling  tubes  pacited  improperly. 
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TABLE  B-2.  JET  ENGINE  EXHAUST  SAMPLE  CALIBRATION  FACTORS 


Run 

Analysis 

date 

Cal ib . 

factor  # 

Calibration 

factors 

(counts/uq) 

Heptane 

Decane 

Benzene 

Toluene 

Xylene 

MRC- 1 

1/21/78 

la 

10416 

10937 

11223 

11285 

12C&2 

lb 

9878 

10324 

10623^ 

10677® 

11431® 

MRC-2  to 

1/23/78 

2a 

11715 

11793 

12727 

12592 

12950 

MRC- 5 

2b 

11285 

11374 

12267® 

12137^ 

12482^ 

MRC- 6 to 

1/23/78 

3a 

12136 

12325 

12995 

13060, 

13619^ 

MRC- 9 

3b 

11646 

11889 

12502^ 

12565^ 

13103^ 

MRC-9  (backup) 

1/30/78 

4a 

12032 

12382 

1 3057 

13080 

136]  9 

to  MRC-14 

4 b 

11709 

12215 

12793^ 

12810^ 

13344^ 

MRC- 1 5 

1,'  .'i, 

5a 

11892 

11970 

12828 

12842 

13147 

:3b 

11469 

1 1722 

12466® 

12480^ 

12776^ 

MRC-Rl  to 

2/10/78 

ca 

9515 

9409 

10307^ 

10093^ 

10965^ 

MRC-R4 

6b 

8196 

7922 

8777^ 

8595^ 

9337^ 

MRC-R5  to 

2/13/78 

7a 

12229 

1233C 

1 3066, 

13033 

14334 

MRC- BIG 

7b 

10593 

10295 

] 1110^ 

HOB  2^ 

12)63^ 

a 

Determinea  by  ratio. 
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LISTING  AND  EXPLANATION  OF  BASIC  PROGRAM  "JET" 


Table  C-1  is  a listing  of  the  Basic  program  "JET"  that  was 
used  to  reduce  the  data  from  the  jet  engine  exhaust  analyses. 
Three  lines  were  modified  depending  upon  the  particular  sampling 
and  analysis  parameters  for  each  run: 


130  FOR  N = 
370  LET  L = 
500  LET  P[M] 


1 TO  I 3401 


201 


= S [M] * I 244 .5  /Q 


(Baseline) 
(Run  Time) 
(Sample  Size) 


Line  130  is  used  to  set  the  baseline  value  to  a level  that 
was  appropriate  for  each  particular  chromatographic  run.  The 
example  given  (value  of  340)  is  a typical  value  used  and  corres- 
ponds to  the  10-second  area  slice  at  3400  seconds  into  the  run. 
Values  were  always  chosen  on  the  bade  side  of  the  chromatogram 
(i.e.,  after  the  analytical  peaks)  when  the  trace  had  reached  a 
stable  baseline  condition. 


Line  370  is  used  to  set  the  length  for  the  final  area  of 
integration  (calibrated  with  m-xylene).  The  analytical  technique 
used  multiple  standards  (heptane,  decane,  benzene,  toluene,  and 
m-xylene)  to  calibrate  appropriate  portions  of  the  chromatogram. 
Lines  210  (heptane),  250  (decane),  200  (benzene),  and  330 
(toluene)  determine  the  areas  of  the  chromatogram  to  be  cali- 
brated against  each  of  the  other  standards.  The  sum  of  the  L 
values  from  these  steps  determines  the  total  length  of  the 
chromatogram  that  was  integrated  (i.e.,  the  effective  run  time). 
Line  370  being  the  final  of  these  steps  was  adjusted  to  an 
appropriate  value  (normally  201)  to  include  all  of  the  remaining 
chromatogram  that  contained  analytical  information. 

Line  500  is  modified  to  correct  the  conversion  factor  for 
variations  in  sample  size  (usually  100  ml  or  a factor  of  244.5). 
The  actual  values  used  in  each  of  these  steps  for  each  of  the 
individual  analyses  are  included  in  Table  B-1  of  Appendix  B. 


TABLE  C-1 


LISTING  OF  BASIC  PROGRAM  "JET 


to  MM  At-raoi 

20  FILES  * 

:50  R'Em:  input  parameters 

40  PRINT  "UHAT  ARE  THE  CALIBRATION  FACTORS* f 
50  INPUT  CClI.CC23»CC3DfCC4IfCC53 
AO  PRINI  ’WHAT  RAW  FILE'f 
70  INPUl  C« 

BO  PRINT  ‘REPORT  TITLE*} 

90  INPUT  A* 

too  PRINT  "APL  THC  VALUE* 

110  INPUT  Z 

120  ASSIGN  C$rlfE 

130  READ  *112 

140  rem;  this  loop  sets  baseline  value 

lUV  KOK  N-1  TO  340 

160  IE  END  *1  THEN  190 

170  Kl  AD  *1  ;E< 

130  NF.Xr  N 

190  LET  Sr  1 J--SL'2I--^SC3I=SC4I=SC53^0 
TOO  READ  #1.2 

210  rem:  set  parameters  for  DATA  CALIBRATED  WITH  HEPTANE 

220  FOR  M=1  TO  5 

230  IF  M#1  THEN  2fl0 

240  LEI  1=11 

250  LET  0=86.17 

260  LET  R=7 

2/0  rem:  set  parameters  for  data  CALIBRATED  WITH  DECANE 
280  IF  M#2  THEN  330 

290  LET  L=ll 

300  let  a-142.2b' 

310  LET  R=10 

320  rem:  set  parameters  for  DATA  CALIBRATED  WITH  BENZENE 

330  IF  M#3  THEN  380 

340  1 FI  L = 21 

350  LET  a-=78.1I 

360  LET  R=6 

370  rem:  SET  PARAMETERS  FOR  DATA  CALIBRATED  WITH  TOLUENE 

.380  TE  M#4  THEN  430 

390  L ET  I =26 

400  LET  0=92.13 

410  LET  K=7 

420  rem:  set  PARAMETERS  FOR  DATA  CALIBRATED  WITH  XYLENE 


4 


n 


a 


I 


I 

4 


i 


i 


i 


4 
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TABLE  C-1  (continued) 


fjlO 
520 
530 
540 
550 
560 
570 
580 
590 
600 
610 
620 
630 
640 
650 
660 
6 70 
680 
690 
700 
710 
720 
730 
740 
750 
760 
770 
780 
790 
800 
810 
820 
830 
840 
850 
860 
870 
88  0 

89  0 

90  / 

91  O 
920 
930 
940 
950 
960 
9/0 
980 
990 


l.ET  SCM3--=SCM3M 
GOTO  550 
LET  L=--N-l 
GOTO  570 
NEXT  N 

REM:  REIiUCE  areas  to  uG  and  ppmc  EOUIOALENTS 
LET  SCMT=SCM3-(L*B) 

le:t  s:mt=scmd/(cch]*4) 

LET  PCMT=SCMT*244.5/a 
LET  ACMJ=R#PlM3 
NEXT  M 

KEM:  sum  TOTAL  ppn.C 

LET  TCin=ALlD+AC23+AC3J+AC4]+AC53 

PRINT  'POSITION  PAPER  AT  BOTTOM  OF  PAGE r HIT  SPACE r RETURN,'? 
REM!  OUTPUT  DATA 
INPUT  P* 

FOR  N=1  TO  10 
PRINT 
NEXT  N 
PRINT  A$ 

PRINT  'THE  ON-LINE  THC  VALUE  WAS  'iZf'  PPMC ' 

FOR  N=1  TO  5 

PRINT 

NEXT  N 

PRIN1  'CALIPRATION* ;TAB<24) ? 'EQUIVALENT' ?TAb( 47) J 'EOUIVALEN  f ' » 
PRINT  TAB(70 ); 'EQUIVALENT' 

PRINT  ' COMPOUND'  ? TAB(28)  ? 'UC  ? TAB(51  > r 'PPM*  5 TAB(73)  J 'PPMC 

PRINT  ' ' fTAB(24)  f ' ' J TAB(  47)  i ' ' ? 

PRINT  TAB(70);' ' 

PRINT 

PRINT  "HEPTANE' ; TAB (24) ? SCI J JTABI 4 7 ) » PC  1 D » TAB ( 70 ) ? ACII 
PRINT 

PRINT  'PECANE' ;TAB(24) f SC 2 3 f T AB ( 4 7 ) ? PC 2 T f T AB < 70 ) ?AC2] 

PRINT 

PRINT  'BENZENE' f TAB (24) f SC 33 } TAB ( 4 7 > J PC 33 » TAB ( 70 > f AC33 
PRINT 

PRINT  'TOLUENE'; TAB (24) ? SC43 r TAB ( 47 ) ; PC43 » TAB ( 70 ) ;AC43 
PRINT 

PRINT  'M-XYLENE' ;TAB(24) r5C53fTAB(47) ;PC53;TAB(70) fACSD 

PRINT  TAB (70)  f ' 

PRINT  TAB(56)  ; 'TOTAL  PPMC  = 'JTCIO 
PRINT 

rem:  calculates  '/.  of  on-line  thc  value  recoverep 

LET  Q = TC13/Z)t<100 

PRINT  "THE  PERCENT  OF  ON-LINE  THC  VALUE  RECOVEREP  IS  'JQ;'  Z ' 
FOR  N=1  TO  15 
PRINT 
NEXT  N 
END 
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